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Photobacterium damselae subsp. damselae is considered an 
emerging pathogen of importance in aquaculture. Outbreaks of 
diseases caused by this pathogen in marine fish cultures have shown a 
marked increase in their geographical distribution in recent years, 
appearing in countries and fish species where it has never been 
reported before. In humans, P. damselae subsp. damselae can cause an 
extreme variant of severe necrotizing fasciitis, resulting fatal in some 
cases. 
Its pathogenicity is attributed to the production of up to four 
different toxins and two major categories of strains can be 
distinguished. On the one hand, strains harboring the virulence 
plasmid pPHDD1 produce two toxins encoded within this plasmid, 
Damselysin (Dly) and Phobalysin P (PhlyP), in addition to the toxins 
encoded within chromosome I, Phobalysin C (PhlyC) and 
phospholipase PlpV. On the other hand, strains lacking pPHDD1 
produce only PhlyC and PlpV.  
The first part of this thesis is devoted to the study of the genetic 
diversity of this fish pathogen to better understand its epidemiology 
and also to better elucidate if the outbreaks caused by this pathogen 
are consequence of infection and proliferation of a single adapted 
clone or of several clones. For this, it was essential to have collections 
of strains of P. damselae subsp. damselae isolated from disease 
outbreaks in the same geographical region. In this sense, we 
demonstrate using phylogenetic data, together with analyses of 
phenotypic and genotypic diversity, that strains of P. damselae subsp. 
damselae isolated from sea bass farms in the Black Sea (Turkey) and 
from marine rainbow trout farms in Denmark, clearly originated not 
from the clonal spread of a single strain, but probably from the 
simultaneous occurrence of several clones. 
Regarding the main virulence factors of P. damselae subsp. 
damselae, as no previous work has addressed the study of how the 
expression of hemolysins Dly, PhlyP and PhlyC is regulated, we 
proposed as the second branch of investigation of this thesis to begin 
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this research topic, searching for regulatory genes that may be 
ubiquitous in this bacterium. 
The two-component system is a dominant form of bacterial 
genetic control that responds to changes in its environment. Using 
transposon insertion mutagenesis we identified a mutant with a 
disrupted rstB gene that showed impaired hemolytic activity. Here, we 
demonstrate that the two-component RstAB system positively 
regulates the expression of the cytotoxins Dly, PhlyP and PhlyC in P. 
damselae subsp. damselae. We analysed the effect of rstA and rstB 
mutations in cell fitness and in diverse virulence-related features. 
Mutants in the rstA and rstB genes were impaired in hemolysis and 
Dly-dependent phospholipase activity, and expression of dly, hlyApl 
and hlyAch genes was greatly impaired in a rstB mutant as 
demonstrated by transcriptional fusions to a lacZ reporter gene. 
However, mutations of the rstAB genes did not cause a detectable 
effect on PlpV-dependent phospholipase and ColP-dependent 
gelatinase activities. We did not find deffects in the growth of rstA 
and rstB mutants under varying conditions of temperature and 
concentration of NaCl, with respect to the parental strain. However, 
rstA and rstB mutants grown at 0.5% NaCl exhibited reduced motility, 
increased cell size, and impaired ability to separate daughter cells after 
cell division. Mutation of either gene also caused an increased 
sensitivity to benzylpenicillin. 
Notably, the rstA and rstB mutants showed impaired secretion of 
various proteins dependent on the type II secretion system, which 
included the major cytotoxins Dly, PhlyP and PhlyC, as well as four 
hitherto unreported proteins secreted in this bacterial species and 
which may constitute new virulence factors. Both rstA and rstB 
mutants were severely impaired on virulence in a sea bass model. 
This study establishes the role of the two-component RstAB 
system as the main regulator of virulence and several cellular 
functions in P. damselae subsp. damselae. These regulators might 








Photobacterium damselae subsp. damselae é considerada un 
patóxeno emerxente de importancia na acuicultura. Brotes de 
enfermidade causados por este patóxeno en cultivos de peixes mariños 
mostraron un aumento acentuado na súa distribución xeográfica nos 
últimos anos, aparecendo en países e especies de peixes onde nunca 
foran antes descritos. En humanos, P. damselae subsp. damselae pode 
causar unha variante extrema de fascite necrotizante grave, resultando 
mortal nalgúns casos. 
A súa patoxenicidade atribúese á produción de ata catro toxinas 
diferentes e pódense distinguir dúas grandes categorías de cepas. Por 
unha banda, as cepas que albergan o plásmido de virulencia pPHDD1 
que codifica para dúas toxinas, a damselisina (Dly) e a fobalisina P 
(PhlyP), ademais das toxinas codificadas no cromosoma I, a fobalisina 
C (PhlyC) e fosfolipasa PlpV. Por outra banda, as cepas que carecen 
de pPHDD1 producen só PhlyC e PlpV. 
A primeira parte desta tese está dedicada ao estudo da diversidade 
xenética de cepas de P. damselae subsp. damselae coa fin de facilitar 
a comprensión da súa epidemioloxía e elucidar se os brotes causados 
por este patóxeno son consecuencia da infección e proliferación dun 
único clon adaptado ou de varios clons. Para iso, foi esencial contar 
con coleccións de cepas deste patóxeno, illadas a partir de brotes de 
enfermidades da mesma rexión xeográfica. Neste sentido, utilizando 
datos filoxenéticos xunto con análises de diversidade fenotípica e 
xenotípica, demostramos que cepas de P. damselae subsp. damselae 
illadas de robaliza en granxas no Mar Negro (Turquía) e de troitas 
arco da vella mariñas procedentes de granxas de cultivo de 
Dinamarca, son claramente orixinadas non da propagación clonal 
dunha única cepa, pero probablemente da aparición simultánea de 
varios clons. 
En canto aos principais factores de virulencia de P. damselae 
subsp. damselae, ningún traballo previo abordara o estudo da 
expresión e regulación das hemolisinas Dly, PhlyP e PhlyC, polo que 
propuxemos considerar este tema como a segunda rama de 
investigación desta tese, enfocándonos na busca de xenes reguladores 
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que poden ser omnipresentes nesta bacteria. O sistema de regulación 
de dous compoñentes é unha forma dominante de control xenético 
bacteriano que responde a cambios ambientais. Usando a mutaxénese 
por inserción de transposón identificamos un mutante co xene rstB 
interrumpido que mostraba actividade hemolítica alterada. Aquí, 
demostramos que o sistema de dous compoñentes RstAB regula 
positivamente a expresión das citotoxinas Dly, PhlyP e PhlyC en P. 
damselae subsp. damselae. Analizamos o efecto das mutacións rstA e 
rstB na fisioloxía celular e en varias características relacionadas coa 
virulencia. Os mutantes nos xenes rstA e rstB resultaron estar 
afectados na hemólise e na actividade fosfolipasa dependente de Dly, 
e a expresión dos xenes dly, hlyApl e hlyAch viuse prexudicada de 
maneira significativa no mutante rstB, como se demostrou mediante 
fusións transcricionais co xene lacZ. Con todo, as mutacións dos 
xenes rstAB non causaron un efecto detectábel nas actividades 
fosfolipase dependente de PlpV e xelatinase dependente de ColP. Non 
atopamos defectos no crecemento dos mutantes rstA e rstB baixo 
condicións de temperatura e concentración de NaCl diferentes, en 
relación coa cepa salvaxe. Ademais, os mutantes rstA e rstB crecidos a 
0,5% de NaCl exhibiron motilidade reducida, aumento do tamaño das 
células e dificultade para separarse as células fillas logo da división 
celular. A mutación do xene rstA tamén causou unha maior 
sensibilidade á bencilpenicilina. 
Notablemente, os mutantes rstA e rstB mostraron prexudicada a 
secreción de varias proteínas dependentes do sistema de secreción tipo 
II, que inclúe as principais citotoxinas Dly, PhlyP e PhlyC, así como 
catro proteínas secretadas, non descritas nesta especie bacteriana ata 
entón, e que poden constituír novos factores de virulencia. Tanto o 
mutante rstA como o rstB amosaron ter gravemente alterada a 
virulencia, como se demostrou nun modelo de lubina. 
Este estudo establece o papel do sistema de dous compoñentes 
RstAB como o principal regulador da virulencia e de varias funcións 
celulares en P. damselae subsp. damselae. Estes reguladores poden ser 
considerados puntos clave co obxectivo de controlar as infeccións 







Photobacterium damselae subsp. damselae es un patógeno 
emergente de importancia en la acuicultura. Los brotes de 
enfermedades causadas por este patógeno en cultivos de peces 
marinos han mostrado un aumento acentuado en su distribución 
geográfica en los últimos años, apareciendo en países y especies de 
peces, donde nunca se había descrito antes. En humanos, P. damselae 
subsp. damselae puede causar una variante extrema de fascitis 
necrotizante grave, resultando fatal en algunos casos. 
Su patogenicidad se atribuye a la producción de hasta cuatro 
toxinas diferentes, y se distinguen dos categorías principales de cepas. 
Por una parte, las cepas que albergan el plásmido de virulencia 
pPHDD1 y, por lo tanto, producen dos toxinas codificadas en dicho 
plásmido, la damselisina (Dly) y la fobalisina P (PhlyP), además de 
las toxinas codificadas en el cromosoma I, la fobalisina C (PhlyC) y la 
fosfolipasa PlpV. Por otro lado, existen cepas carentes de pPHDD1 
productoras sólo de PhlyC y PlpV. 
La primera parte de esta tesis está dedicada al estudio de la 
diversidad genética de cepas de P. damselae subsp. damselae a fin de 
entender mejor su epidemiología y también para aclarar si los brotes 
causados por este patógeno son consecuencia de la infección y 
proliferación de un único clon adaptado o de varios clones. Para ello, 
fue esencial tener colecciones de este patógeno aisladas de brotes de 
enfermedades de una misma región geográfica. En este sentido 
demostramos, utilizando datos filogenéticos junto con análisis de 
diversidad fenotípica y genotípica, que cepas de P. damselae subsp. 
damselae aisladas de lubina de granjas en el Mar Negro (Turquía) y de 
truchas arco iris de granjas marinas de cría en Dinamarca, están 
claramente originadas no de la propagación clonal de una sola cepa, 
sino probablemente de la ocurrencia simultánea de varios clones. 
En relación a los principales factores de virulencia de P. damselae 
subsp. damselae, dado que ningún trabajo anterior abordó el estudio 
de cómo está regulada la expresión de las hemolisinas Dly, PhlyP y 
PhlyC, propusimos iniciar este estudio en la segunda parte de esta 
tesis, buscando genes reguladores que puedan ser comunes a todas las 
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cepas de esta bacteria. El sistema de regulación de dos componentes 
es una forma dominante de control genético bacteriano que responde a 
cambios ambientales. Utilizando mutagénesis por inserción del 
transposón miniTn10, identificamos un mutante con el gen rstB 
interrumpido, que mostró una actividad hemolítica muy reducida. En 
este trabajo demostramos que el sistema de dos componentes RstAB 
regula positivamente la expresión de las citotoxinas Dly, PhlyP y 
PhlyC en P. damselae subsp. damselae. Analizamos el efecto de las 
mutaciones rstA y rstB en la fisiología celular y en diversas 
características relacionadas con la virulencia. Los mutantes en los 
genes rstA y rstB están muy afectados en la hemólisis y en la actividad 
fosfolipasa dependiente de Dly, y la expresión de los genes dly, hlyApl 
y hlyAch mostró una notable disminución en un mutante rstB, como se 
demostró por fusiones transcripcionales con el gen lacZ. Sin embargo, 
las mutaciones de los genes rstAB no causaron un efecto detectable en 
las actividades fosfolipasa dependiente de PlpV y gelatinasa 
dependiente de ColP. No encontramos defectos en el crecimiento de 
los mutantes rstA y rstB bajo condiciones variables de temperatura y 
concentración de NaCl, en relación a la cepa parental. Sin embargo, 
los mutantes rstA y rstB crecidos a 0,5% de NaCl mostraron motilidad 
reducida, aumento del tamaño de las células y dificultades para 
separar las células hijas después de la división celular. La mutación de 
rstA también causó un aumento de la sensibilidad a la 
benzilpenicilina. 
Los mutantes rstA y rstB mostraron una fuerte afectación en la 
secreción de varias proteínas dependientes del sistema de secreción 
tipo II, que incluyó las principales citotoxinas Dly, PhlyP y PhlyC, así 
como cuatro proteínas secretadas, no caracterizadas hasta el momento 
en esta especie bacteriana, y que podrían constituir nuevos factores de 
virulencia. Ambos mutantes rstA y rstB mostraron una severa 
disminución en la virulencia para lubinas. 
Este estudio demuestra el papel del sistema de dos componentes 
RstAB como un principal regulador de la virulencia y de varias 
funciones celulares en P. damselae subsp. damselae. Estos 
reguladores pueden constituir dianas útiles para controlar las 





Photobacterium damselae subsp. damselae é considerada um 
patógeno emergente de importância na aquicultura. Surtos de doenças 
causadas por este patógeno em cultivos de peixes marinhos têm 
mostrado um aumento acentuado em sua distribuição geográfica nos 
últimos anos, aparecendo em países e espécies de peixes, onde nunca 
foram relatados antes. Em humanos, P. damselae subsp. damselae 
pode causar uma variante extrema de fascite necrotizante grave, 
resultando fatal em alguns casos. 
Sua patogenicidade é atribuída à produção de até quatro toxinas 
diferentes e duas categorias principais de cepas podem ser 
distinguidas. Por um lado, as cepas que abrigam o plasmídeo de 
virulência pPHDD1 e portanto, produzem duas toxinas codificadas 
nesse plasmídeo, a damselisina (Dly) e a fobalisina P (PhlyP), além 
das toxinas codificadas no cromossomo I, a fobalisina C (PhlyC) e 
fosfolipase PlpV. Por outro lado, cepas carentes de pPHDD1 e 
portanto, produtoras apenas de PhlyC e PlpV.  
A primeira parte desta tese é dedicada ao estudo da diversidade 
genética de cepas de P. damselae subsp. damselae a fim compreender 
sua epidemiologia e também melhor elucidar se os surtos causados por 
este patógeno é conseqüência da infecção e proliferação de um único 
clone adaptado ou de vários clones. Para isso, foi essencial ter 
coleções deste patógeno isolados de surtos de doenças de uma mesma 
zona geográfica. Neste sentido, demonstramos utilizando dados 
filogenéticos, juntamente com análises de diversidade fenotípica e 
genotípica, que cepas de P. damselae subsp. damselae isoladas de 
robalo cultivados em viveiros no Mar Negro (Turquia) e de trutas 
arco-íris marinhas de viveiros na Dinamarca, são claramente 
originadas não da propagação clonal de uma única cepa, mas da 
ocorrência simultânea de vários clones. 
Em relação aos principais fatores de virulência de P. damselae 
subsp. damselae, como nenhum trabalho anterior abordou o estudo de 
como a expressão das hemolisinas Dly, PhlyP e PhlyC são reguladas, 
propusemos iniciar este tópico como o segundo ramo de investigação 
desta tese, buscando genes reguladores que possam ser onipresentes 
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em esta bacteria marinha. O sistema de regulação de dois 
componentes é uma forma dominante de controle genético bacteriano 
que responde a mudanças ambientais. Utilizando a mutagênese por 
inserção de transposon identificamos um mutante com o gene rstB 
rompido que mostrou atividade hemolítica comprometida. Aqui, 
demonstramos que o sistema de dois componentes RstAB regula 
positivamente a expressão das citotoxinas Dly, PhlyP e PhlyC em P. 
damselae subsp. damselae. Analisamos o efeito das mutações rstA e 
rstB na fisiologia celular e em diversas características relacionadas à 
virulência. Os mutantes nos genes rstA e rstB foram prejudicados na 
hemólise e na atividade fosfolipase dependente de Dly, e a expressão 
dos genes dly, hlyApl e hlyAch foi grandemente prejudicada em um 
mutante rstB, como demonstrado por fusões transcricionais com o 
gene repórter lacZ. No entanto, as mutações dos genes rstAB não 
causaram um efeito detectável nas atividades fosfolipase dependente 
de PlpV e gelatinase dependente de ColP. Não foi encontrado 
alterações no crescimento dos mutantes rstA e rstB sob variadas 
condições de temperatura e concentração de NaCl, em relação à 
estirpe parental. No entanto, os mutantes rstA e rstB cultivados a 0.5% 
de NaCl exibiram motilidade reduzida, aumento do tamanho das 
células e capacidade prejudicada para separar células filhas após a 
divisão celular. A mutação de um dos genes também permitiu 
aumentar a sensibilidade à benzilpenicilina. 
Notavelmente, os mutantes rstA e rstB mostraram a secreção 
prejudicada de várias proteínas dependentes do sistema de secreção 
tipo II, que incluiu as principais citotoxinas Dly, PhlyP e PhlyC, bem 
como quatro proteínas secretadas até então não relatadas nesta espécie 
bacteriana e que podem constituir novos fatores de virulência. Ambos 
os mutantes rstA e rstB foram severamente prejudicados na virulência 
em um modelo de robalo. 
Este estudo estabelece o papel do sistema de dois componentes 
RstAB como o principal regulador da virulência e de várias funções 
celulares em P. damselae subsp. damselae. Esses reguladores podem 



































1.1. THE IMPORTANCE OF AQUACULTURE 
 
Aquaculture has a history of 4000 years, however, it has been in 
the last 50 years that it has become a socioeconomic activity of world 
importance. According to the United Nations Food and Agriculture 
Organization (FAO), aquaculture is the production in water of animals 
and plants both in coastal and inland areas using specialized 
techniques to make production income more efficient. One of the 
characteristics that differentiates aquaculture from fishing is that 
throughout all or at least part of its life cycle the species produced are 
owned by some person (Apromar, 2018). 
Aquaculture is a great prospective practice as the resources 
required to produce one kilo Gram of food for consumption are 
smaller in water than on land. In addition, it has in its favor the fact 
that 70% of the surface of the planet is water (Apromar, 2018). 
Without a doubt, the biggest challenge facing humanity in the coming 
decades, the part of obtaining energy, will be to feed the 9,600 million 
people who will inhabit the planet Earth in the year 2050 (Apromar, 
2018). 
Never before in mankind has consumed the amount of aquatic 
products like today. Fish are extraordinarily nutritious as a source of 
vitamins (D, A and B), mineral micronutrients (calcium, phosphorus, 
iodine, zinc, iron and selenium), proteins with bioavailability of 5 to 
15% higher than proteins derived from vegetables as well as 
containing amino acids essential for human health, lipids composed of 
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long chain polyunsaturated fatty acids that offer benefits for adult 
health and for child development (Apromar, 2018). 
Global aquaculture production in 2016 was 110.2 million tons 
(worth € 194,778 mill.), 4.5% more than in the previous year, and 
surpassing fishing production by 18.2 million tons (Apromar, 2018). 
The top 10 producing countries in world aquaculture in thousands 
of tonnes were: China (63,721), Indonesia (16,616), India (5,703); 
Vietnam (3,334), Bangladesh (2,203), Philippines (2,200), Republic of 
Korea (1,859), Egypt (1,370), Norway (1.326) and Japan (1,067) 
(FAO, 2016, Apromar, 2018).  
The aquaculture production of the European Union (EU) in 2016 
was 1,292 thousands of tonnes (€ 3,729 mill.).In the UE, the main 
aquaculture products are fish and molluscs. The aquaculture of 
crustaceans, algae or other invertebrates is very small. The main 
species produced in the UE are mussels, with 476,388t. in 2016, 
followed by rainbow trout with 185,400 t. and atlantic salmon with 
181,030t. 
Spain is the Member State of the EU with the largest aquaculture 
production, with 283,831t. in 2016, followed by the UK with 
194,492t. (15.0%) and France with 166,640t. (12,9%) (Apromar, 
2018). However, when considering the value of production, the UK is 
the main producer Member State with € 905.3 million (24.3% of the 
total value), followed by France with € 550.9 million (14,8%) and 
Greece with €465.0 million (12,5%) (Apromar, 2018). Spain ranks 
fourth with 449.4 million euros (12,1%), followed by Italy. The main 
production of aquatic products in Spain in 2016 (aquaculture and 
fisheries) was reduced by 5.3% compared to 2015 (Apromar, 2018). 
In order to address the major challenges facing aquaculture, 
research and innovation initiatives should be encouraged and targeted 
to optimize their efficiency and productivity, both on small and large 
scale systems. These investigations should improve the optimization 
of feed and raw materials, improve farm management, as well as the 
domestication of new species and provide improvement and 






1.2.  PATHOGENS IN AQUACULTURE 
 
Fish are susceptible to diseases that are more incidental in 
aquaculture than in the natural environment due to several factors such 
as inadequate feeding, stress caused by exposure to an extreme 
environmental factor, high population densities, water temperature, 
lack of dissolved oxygen, and the attack of pathogenic organisms 
(FAO, 2016). 
Every year, Western Europe loses $ 60 million in aquaculture due 
to viral haemorrhagic septicemia (Alday, 2010). In 1993 China lost 
more than $ 250 million due to the pathogen white spot virus, which 
was also responsible in 1997 in Thailand for the economic loss of 600 
million dollars (Alday, 2010). 
The bacterium Photobacterium damselae subsp. damselae is one 
of the causal agents of economic losses in the world marine 
aquaculture industry because it is responsible for one type of vibriosis 
(Fouz et al., 1992; Labella et al., 2010a). This marine pathogen was 
isolated from several important fish species in Spanish aquaculture 
such as turbot in Galicia (Scophthalmus maximus; Fouz et al., 1991; 
Fouz et al., 1992),sea bass on the Mediterranean coast near Valencia 
(Dicentrarchus labrax; Botella et al., 2002; Labella et al., 2010a), the 
seabream in the Mediterranean (Sparus aurata, Vera et al., 1991; 
Botellaet al, 2002; Pujalte et al, 2003; Labella et al., 2010a) and 
several species recently introduced in farms in southern Spain as 
snapper (Pagrus Auriga; Labella et al., 2006; García-Rosadoet al., 
2007), common dentex (Dentex dentex; Company et al., 1999) and sea 
bream in the mediterranean (Diplodus sargus; García-Rosado et al., 
2007).  
P. damselae subsp. damselae has also been isolated from fish 
farmed in various parts of the world, such as rainbow trout in 
Denmark (Oncorhynchus mykiss; Pedersen et al., 1997; Pedersen et 
al., 2009), eels in Australia (Anguilla reinhardtii, Ketterer and Eaves, 
1992),barramundi in Thailand and Tahiti (Lates calcarifer, Renault et 
al., 1994; Kanchanopas-Barnette et al., 2009), a kind of sole 
(Cynoglossus semilaevis; Zhang et al., 2011) and White pompano 
(Trachinotus ovatus; Zhao et al., 2009) in China. It was also isolated 
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from sea bass and sea bream cultures of the Egyptian shores (Abdel-
Aziz et al., 2013) and in Tunizia (Khouadja et al., 2014) as well as 
from sea  bass from the Turkish Black Sea (Uzun and Ogut, 2015; 
Hassanzadeh et al., 2015) and more recently from cobia grown in 
India (Sharma et al., 2017). 
 
 




The marine bacterium Photobacterium damselae is Gram-
negative and is included in the family Vibrionaceae, belonging to the 
phylum Proteobacteria (Gauthier et al., 1995). It is divided into two 
subspecies, P. damselae subsp. damselae and P. damselae subsp. 
piscicida and in the past these subspecies were denominated Vibrio 
damsela (family Vibrionaceae) and Pasteurella piscicida (family 
Pasteurellaceae), respectively. The subsp. damselae was first isolated 
in 1971 from ulcerative lesions on the skin of an angel wild fish 
(Chromis punctipinnis), being attributed to the genus Vibrio (family 
Vibrionaceae) under the name of Vibrio damsela (Love et al., 1981). 
A phylogenetic study comparing the ribosomal 5S gene from 31 
strains of the Vibrionaceae family proposed the creation of the genus 
Listonella, in which V. damsela and V.anguillarum would be renamed 
Listonella damsela and L.anguillarum, respectively (Mac Donell and 
Colwell 1984). A comparative study of the phenotypic characteristics 
of several species of the genus Photobacterium has replaced 
Listonella damsela with the genus Photobacterium, becoming known 
as Photobacterium damselae (Smith et al., 1991). Photobacterium 
damsela and Pasteurella piscicida were considered as two subspecies 
belonging to the same species (Photobacterium damselae) due to the 
high level of similarity observed in DNA-DNA hybridization. In this 
way, they became known thereafter as Photobacterium damselae 
subsp. damselae and Photobacterium damselae subsp. piscicida, 





1.3.2. Morphological and Biochemical Characteristics 
 
P. damselae subsp.damselae is motile due to its polar flagellum 
(Fig. I.1) and exhibits a bacillary form (Fig. I.2). Biochemical 
characteristics of this pathogen include: oxidase positive, facultative 
anaerobic, sensitive to the vibriostatic agent 0/129 (2,4-diamino-6,7-
diisopropyl phosphate depteridine), grows in the differential medium 
for vibrios TCBS (Thiosulfate Citrate Bile Sucrose), and is positive 
for the methyl red and Voges-Proskauer tests. In addition, it is positive 
for the decarboxylation of arginine and negative for the 
decarboxylation of lysine and ornithine. It is able to ferment maltose, 
mannose and D-glucose, being associated with the latter the 
production of gas. It shows strict NaCl requirement, reaching 
tolerance of up to 6, and even 8% (Fouz et al., 1992; Abdel-Aziz et 
al., 2013; Wu et al., 2006). Strains have a relatively wide range of 
growth temperature, ranging from 12°C to 37°C. However, some 
studies reported that there are strains of P. damselae subsp. damselae 




Fig.I.1: Transmission electron microscopy of P.damselae subsp. damselae. 
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This marine bacterium has been shown to have high serological 
diversity, being reported several different serogroups as well as 
different membrane protein patterns (Smith et al., 1991; Fouz et al., 










P. damselae subsp. damselae can synthesize various degradative 
enzymes such as gelatinase (Labella et al., 2010a; Zhang et al., 2011), 
lipase (Pedersen et al., 1997) and amylase (Labella et al., 2010a), 
urease (Thyssen et al., 1998; Botella et al., 2002), phospholipase 
(Vences et al., 2017), acetylcholinesterase (Pérez et al., 1998), 
caseinase (Khouadja et al., 2014) and hemolysins (Osorio et al., 
2000b; Rivas et al., 2011; Rivas et al., 2013b; Rivas et al., 2014; 
Rivas et al., 2015a). It is important to note that the values of these 
activities are not the same in all the isolates. 
The main phenotypic differences between P. damselae subsp. 
damselae and the piscicida subspecies are flagellar motility, urease 
activity, hemolysis of lamb erythrocytes, and the ability to grow at 
37°C, all of which are considered positive only in the damselae 
subspecies (Fig. I.3). In addition, the piscicida subspecies, has as host 
only fish, while the subspecies damselae can infect not only fish, but 




Fig.I.3: Main differential phenotypic characters between P. damselae subsp. 




Pathogenicity is usually a multifactorial feature that involves a 
complex interaction between the host and the pathogen and is defined 
as the ability of a microbe to cause damage to a host (Casadevall and 
Pirofski, 2001). The host-pathogen interaction depends on several host 
factors such as age, sex and immune system status (Bouzid et al., 
2013), as well as genotypic and phenotypic characteristics of the 
pathogen (Méthot and Alizon 2014). 
P. damselae subsp. damselae
P. damselae subsp. piscicida
+ + - + + + + + + + + + + +
- - + - - - - - - + - - - -
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P. damselae subsp. damselae can cause infection in a healthy host 
and therefore is considered a primary pathogen. This species has been 
isolated from several environments such as estuaries, sea water, 
sediments and healthy aquatic animals (Buck, 1990; Ghinsberg et al., 
1995) and can survive in sea water and sediments for a long time, 
maintaining infectivity potential (Fouz et al., 2000). Infectious 
outbreaks caused by this pathogen generally match with periods of 
higher sea-water temperature, and with less resistance of the host's 
immune system (Alvarez et al., 2006; Austin, 2010). 
It is suggested that cutaneous lesions precede the infections of this 
bacterium, being skin a poposed route of entry in the host (Fouz et al., 
2000). By experimental studies of infection, it is known that virulent 
strains by the intraperitoneal route, are also infective through water 
(Fouz et al., 2000). The most notable external signs caused in fish are: 
presence of hemorrhages around the mouth, anus, eyes and at the base 
of the fins, abdominal distension, and in some cases presence of 
cutaneous ulcers (Fig. I.4). Usual internal signs are accumulation of 
ascitic fluid in the peritoneal cavity and, in some cases, a liver with a 
pale appearance and abundant hemorrhagic petechiae (Fig. I.4) (Fouz 
et al., 1991; Fouz et al., 1992). 
P. damselae subsp. damselae poses the ability to affect species of 
homeotherms, such as whales (Balaenopteraedeni; Buck et al., 1991), 
dolphins (Tursiops truncatus, Delphinus delphis and Stenella 
coeruleoalba; Fujioka et al., 1988; Casalone et al.,2014) and humans 
(Morris et al., 1982). The majority of infections by this pathogen in 
humans, have their primary origin in wounds exposed to brackish 
seawater, caused by handling fish or fishing tools (Table I.1). There 
are also cases of infection after the intake of raw seafood (Kim et al., 
2009), by exposure of the urinary tract to seawater (Alvarez et al., 
2006), or by injuries caused by the keel of a boat (Hundenborn et al., 
2013). In humans, this bacterium can cause an extreme variant of 
severe necrotizing fasciitis, being fatal in some cases when 
administration of antibiotics is a treatment incapable of controlling the 
progression of the infection. Although cases have been detected in 









Fig.I.4: External signs caused in sea bass by infection of P. damselae subsp. 
damselae. Bleeding is reported around the mouth, eye, operculum, fins, liver and 
internal musculature. 
 
1.4. VIRULENCE FACTORS OF P. DAMSELAE SUBSP. 
DAMSELAE 
 
Casadevall and Pirofski, 2001, defines virulence as the degree or 
measure of pathogenicity that microorganisms have and is determined, 
in part, by the possession of different virulence factors that are 
genetic, biochemical or structural, that allow an organism to produce 
disease in a host. Virulence factors are involved in the adhesion, 
colonization, invasion and evasion of the host immune system. 
Virulence can be considered a quantitative characteristic, due to the 
expression to a greater or lesser extent of the different virulence 
factors.Virulence factors can be as diverse as exotoxins (cytotoxins, 
hemolysins, proteases, lipases), components of the capsule and cell 
surface, flagellum, iron uptake systems, factors of adherence, 
colonization and invasion, among others (Casadevall and Pirofski, 
2001). Bacterial virulence factors may be encoded in the chromosome, 
in bacteriophage DNA, in plasmids or in pathogenicity islands 
(Peterson, 1996). The virulence factors described to date in P. 
damselae subsp. damselae include: iron acquisition systems, 
phospholipases, collagenase and, of major importance, cytotoxins with 
hemolytic activity. 
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1.4.1. Iron Acquisition Systems 
 
Iron is an essential nutrient for most bacteria in different cellular 
processes (Saha et al., 2013). In marine habitats the bioavailability of 
iron is low because it is in its oxidized iron form insoluble. In 
vertebrates, the reduction of iron availability is one of the mechanisms 
of non-specific immune defense against microbial pathogens (Cassat 
and Skaar, 2013; Ganz and Nemeth, 2015). 
The most widespread strategies for the acquisition of iron among 
pathogenic bacteria are the uptake of the heme group and the 
production of siderophores (Saha et al., 2013; Ellermann and Arthur, 
2017). Siderophores are low molecular weight, iron-chelating 
compounds, which can either solubilize the iron or remove it from 
other chelators and transport it to the cell through the corresponding 
membrane receptor proteins. Some bacteria not only produce their 
own siderophores but also express receptors capable of carrying 
xenosiderophores produced by other organisms (Cornelis and 
Andrews, 2010). Fouz et al., 1994 have shown that all strains of P. 
damselae subsp. damselae were able to use hemoglobin and ferric 
ammonium citrate as sole sources of iron and that all isolates of this 
bacterium produced some type of siderophore when grown under iron 
deficient conditions (Fouz et al., 1994, Fouz et al., 1997). It was 
demonstrated in a human isolate of P. damselae subsp. damselae that 
a cluster of genes encode a heme group capture system, making it able 
to use hemoglobin and hemin as sources of iron (Rio et al., 2005). 
Virulence tests performed on animals that had previously been 
injected with an iron source had already shown an increase in the 
susceptibility of fish and mice to infection by this pathogen, indicating 
that iron is important for this marine pathogen to establish an infection 
in an organism (Fouz et al., 1994). 
Under iron limiting conditions some strains of P. damselae subsp. 
damselae are able to synthesize vibrioferrin as siderophore, whose 
synthesis and transport genes are thought to be located within a 
genomic island acquired by horizontal transfer since they occur only 
in a fraction of strains (Puentes et al., 2017; Balado et al., 2017). Most 
of the strains of this microorganism release endogenous citrate to the 
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extracellular medium in response to iron limitation, suggesting that 
besides being part of the molecule of some siderophores, the citrate 
moiety can itself be used for the absorption of iron by P. damselae 
subsp. damselae (Balado et al., 2017). 
 
1.4.2. Phospholipases and Collagenases 
 
The growth and proliferation of pathogenic bacteria in a host are 
the result of a multifactorial process that depends to a large extent on 
the action of proteolytic and lipolytic enzymes secreted by the 
microorganism (Travis et al., 1995; Roberts et al., 2013). In general, 
these extracellular enzymes, including those of the family 
Vibrionaceae, have been considered as important virulence factors, 
since they can directly interfere with the functions of the host cells, or 
be involved in the processing of other bacterial virulence factors 
(Matsushita and Okabe, 2001; Frees et al., 2013; Zhang et al., 2015; 
Stehr et al., 2003; Bender and Flieger, 2010; Hausmann and Jaeger, 
2010). They play a key role in the colonization of the host, since they 
help the propagation of the pathogen in its tissues by degrading 
extracellular components, contribute to the evasion of the host 
immune system, to the availability of amino acids for survival and 
bacterial growth and facilitate the diffusion of toxins (Bond and Wart, 
1984; Salyers and Witt, 1994; Harrington, 1996; Matsushita and 
Okabe, 2001; Eckhard et al., 2009; Duarte et al., 2014). Bacterial 
phospholipases are responsible for hydrolyzing phospholipids and 
participate in the acquisition of phosphate from carbon sources, and in 
some cases, act as virulence factors (Macfarlene et al., 1941; Kreger et 
al., 1987). Regarding the classification of the phospholipases, it takes 
into account the site of attack to the phospholipid, that is, the ester 
bond that they split. Grade letters A, B, C and D are used to 
differentiate phospholipase types, and indicate the specific binding 
directed to the phospholipid molecule (Mollby, 1978). 
A cytolysin named damselysin (Dly), from P. damselae subsp. 
damselae is a hemolytically active toxin and has phospholipase D 
activity against sphingomyelin, phosphatidylcholine and 




Vences and collaborators in 2017, combining analysis of genomes and 
mutants by gene deletion in the LD07 strain of P. damselae subsp. 
damselae lacking virulence plasmid pPHDD1, identified a 
chromosomal locus encoding a phospholipase (PlpV). PlpV was 
omnipresent in the damselae subspecies and exerted hemolytic 
activity against trout erythrocytes, which was improved in the 
presence of lecithin. P. damselae subsp. damselae mutants for epsL 
and pilD genes of the type II secretion system (T2SS) exhibited 
alterations in phospholipase activities (Vences et al., 2017). Sea bass 
virulence experiments and cell culture assays demonstrated important 
contributions of phospholipase PlpV to virulence and toxicity (Vences 
et al., 2017). 
Collagen plays a central role as a primary extracellular component 
in the ultra structure of several animal tissues, contributing to the 
shape of organs and the integrity of vertebrate tissues. Collagen serves 
as an important source of nutrients and energy in the marine 
environment and its degradation by various microorganisms 
contributes to the global nitrogen and carbon cycle (Duarte et al., 
2014). Enzymes capable of hydrolyzing specifically native collagen 
(tropocollagen) under physiological conditions of pH and temperature, 
as well as soluble denatured collagen (Harrington, 1996) are called 
collagenases. According to the discrimination of the active sites, the 
MEROPS database (Rawling et al., 2016) classified the collagenolytic 
enzymes into: metalloproteases, cysteine proteases, serine proteases 
and some proteases of the U32 family. Recently it was demonstrated 
in some strains of P. damselae subsp. damselae the production of a 
collagenase dubbed ColP (metalloprotease), which contributes to 
virulence (Vences et al., 2017). These authors revealed by genome 
analysis that ColP was restricted to a fraction of the isolates of P. 
damselae subsp. damselae and that is, as well as PlpV, dependent on 






MATEUS DE SOUZA TERCETI 
28 
 
1.4.3. Cytotoxins with Hemolytic Activity 
 
P. damselae subsp. damselae produces large quantities of a 
cytolysin that has hemolytic activity against the blood of various 
animal species, being more active against erythrocytes of rat and 
mouse, and the amount of this toxin produced was variable between 
strains and those that presented significantly higher values of the 
cytolysin had lower lethal doses for mice (Kreger, 1984). It was 
determined from a purified fraction that this cytolysin has a molecular 
weight of 69 KDa (Kothary and Kreger, 1985), this fraction being also 
more active against mouse erythrocytes. They also revealed that less 
purified fractions were active against the erythrocytes of four animal 
species, suggesting the presence of other enzymes with hemolytic 
activity (Kothary and Kreger, 1985). This hypothesis was supported 
by the results obtained by thin layer of isoelectric focusing, which 
revealed the presence of three bands, one major and two minor, that 
subsequently proved to be hemolytically active (Kothary and Kreger, 
1985). This cytolysin of P. damselae subsp. damselae was named 
damselisin (Dly), a hemolytically active toxin with phospholipase D 
activity (Kreger et al., 1987; Daniel et al., 1988). Like other 
sphingomyelinases, Dly acted synergistically with the delta-toxin of 
Staphylococcus aureus against sheep erythrocytes, increasing the 
hemolytic effect of the delta-toxin due to the elimination of polar 
sphingomyelin choline heads (Kreger et al., 1987). This was the first 
evidence that Dly can act synergistically with hemolysins produced by 
other cells. 
Cutter and Kreger (1990) hypothesized that the dly gene was part 
of a prophage, since highly hemolytic P. damselae subsp. damselae 
strains lost this gene spontaneously, significantly reducing hemolysis. 
These authors also demonstrated that the presence of the dly gene was 
revealed in the strains that presented higher values of hemolytic 
activity. 
Fouz et al. (1993) reported the great variability of the hemolytic 
capacity of several strains of this microorganism. Osorio et al. (2000a) 
revealed the existence of hemolytic strains not harboring the dly gene 




This analysis suggested that the hemolytic activity of this pathogen 
did not reside only in damselysin (Osorio et al., 2000a). Negative 
strains for dly gene were toxic to homeotherm and poikilotherm cell 
lines (Labella et al., 2010a). For decades, the genomic context of the 
dly gene remained uninvestigated. 
Rivas et al., 2011 identified a 150 Kb plasmid, called pPHDD1 
that was present in strains isolated from fish and humans. The 
characterization of pPHDD1 would reveal the prediction of 171 ORFs 
(Open Reading Frame) and the distinction of five gene modules: a 
replication module (rep genes), a partition module (par genes), a 
conjugation module (tra genes), an adhesion modulus (tad genes, tight 
adhesion), and finally, a hemolysis module consisting not only of the 
dly gene, but also of the gene hlyApl encodinga potential pore-forming 
hemolysin (Rivas et al., 2011). Interestingly, the genes of the Dly and 
HlyApl toxins are contiguous in the sequence of pPHDD1, but are 
transcribed from divergent chains (Rivas et al., 2011). In order to 
uncover the contribution of Dly and HlyApl to hemolysis, these 
authors analyzed single dly, single hlyApl and double dly-hlyApl 
knockout mutants and evaluated their hemolytic phenotype. They 
found that mutation of the dly gene did not completely abolish 
hemolysis. Interestingly, the mutation of the hlyApl gene caused only a 
slight reduction in the radius of the hemolysis halo. Based on these 
results, they proposed that hemolysis in P. damselae subsp. damselae 
is mainly due to the sum of the contributions of Dly and HlyApl. As 
expected, the hlyApl-dly double mutant showed a > 80% reduction in 
the hemolytic halo. These results suggested that Dly was a major 
contributor to hemolysis and that there would be another hemolytic 
factor since hemolysis in the hlyA-dly double mutant was not 
eliminated at 100%. 
The pore-forming toxin HlyApl has been renamed as phobalysin P 
(PhlyP), which means "plasmid-encoded Photobacterium lysin" and is 
a β-toxin with hemolytic activity (Rivas et al., 2015a). It has been 
shown that all isolates of P. damselae subsp. damselae, regardless of 
whether they contain pPHDD1, also harbour a gene hlyAch encoding a 
novel pore-forming hemolytic toxin (Rivas et al., 2013b) in its 
chromosome I. This gene encodes Phobalysin C (PhlyC), a toxin that 
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shares 92% identity in the amino acid sequence with PhlyP (Rivas et 
al., 2014). Thus, based on these studies, strains harboring pPHDD1 
produce three different hemolysins (Dly, PhlyP and PhlyC), whereas 
strains that do not carry pPHDD1 synthesize only the hemolysin 
PhlyC. 
To better understand the contribution of Dly, PhlyP and PhlyC to 
hemolysis, Rivas et al., (2013b) generated mutants for these 
hemolysins with different genetic contexts. Damselysin alone is 
unable to produce hemolysis in sheep blood but is required to produce 
synergistic effects with either of the two phobalysins (PhlyP and 
PhlyC), which demonstrates that at least one of the two pore-forming 
toxins is required and sufficient to produce detectable hemolysis 
(Rivas et al., 2013b). On the other hand, Dly alone is able to lyse 
mouse and turbot erythrocytes (Rivas et al., 2013b). The two pore-
forming toxins, PhlyP and PhlyC, have the ability to lyse the 
erythrocytes of sheep, mice and turbot by themselves. 
In hemolytic assays in sheep erythrocytes performed with 
extracellular bacterial products, it was disclosed that the hemolytic 
phenotype produced by the combined action of PhlyP and PhlyC 
constituted a phenomenon of addition, but not of synergy (Rivas et al., 
2013b). These authors also demonstrated that the synergy process 
between Dly and HlyA can be seen by CAMP effect, so that the Dly 
producing strains generate CAMP reactions with a non-Dly producing 
strain. 
With respect to the pathogenic potential, Rivas et al. (2013b) 
demonstrated that the virulence for mice of pPHDD1 carrier strains 
resides mainly in Dly and PhlyP. On the contrary, as regards virulence 
in fish (turbot), the same authors would conclude that the two pore-
forming toxins PhlyP and PhlyC alone do not cause death in turbot, 
but that the presence of Dly (synergistic effect) is necessary or of the 
other HlyA hemolysin (additive effect) to cause the death. 
Thus, it was demonstrated that the phenotype of the large 
haemolytic halo of pPHDD1-bearing strains would be the result of 
secretion of the three hemolysins and the synergistic effect between 
Dly and PhlyP/PhlyC and that the small hemolytic halo of strains 




intermediate hemolytic halos observed in strains containing the 
plasmid pPHDD1 are possibly the result of point mutations that affect 
the activity of any of the three hemolysins (Rivas et al., 2011; Rivas et 
al., 2013b; Rivas et al., 2014). 
It is also known that the three hemolysins are secreted by the type 
II secretion system (T2SS) (Rivas, et al., 2015a). Mutation of the epsL 
and/or pilD gene in a strain bearing pPHDD1 caused an almost 
complete abolition of hemolytic activity against sheep erythrocytes, 
indicating that epsL and pilD play an important role in plasmid-
encoded PhlyP and Dly secretion. This was further demonstrated by 
analysis of different combinations of mutated genes from hemolysins 
and by strain complementation assays (Rivas et al., 2015a). Analysis 
of promoter expression has suggested that the impairment of 
hemolysin secretion in epsL and pilD mutants may constitute a signal 
that affects the gene expression of hemolysins and T2SS at the 
transcriptional level (Rivas et al., 2015a). It was also demonstrated 
that hemolysins promote bacterial adhesion. When analyzing 
mammalian (HaCaT) cells infected with P. damselae subsp. damselae 
by differential interference contrast microscopy, it was revealed that a 
parental strain of P. damselae subsp. damselae decorated the surfaces 
of the HaCaT cells, while comparatively few bacteria from the 
mutants for hemolysin genes adhered to these cells (Rivas et al., 
2015b).  
Although the molecular basis of virulence in this pathogen has 
been extensively studied in recent years, regulatory mechanisms by 
which expression of the PhlyC, PhlyP and Dly hemolysins and PlpV 
phospholipase are unknown. Pathogens should detect environmental 
changes such as osmolarity, temperature, nutrients, metal ion 
concentration, among others and produce virulence factors only when 
necessary and thus regulate the virulence genes according to their 
environment. It is expected that P. damselae subsp. damselae, a 
pathogen that also has a free lifestyle, has such detection systems to 
control hemolysin production. Although several regulatory systems 
are predicted to be encoded in the genome of P. damselae subsp. 
damselae, to date none of these systems have been characterized, and 
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their possible role in the regulation of virulence factors is hitherto 
unknown. 
 
1.5. GENETIC DIVERSITY IN P. DAMSELAE SUBSP. 
DAMSELAE 
 
Early studies had pointed at the observation that not all the 
isolates exhibited the same hemolytic activity (Kreger et al., 1984). In 
addition, other studies demonstrated that P. damselae subsp. damselae 
isolates from outbreaks in rainbow trout farms in Denmark exhibited a 
high diversity of Ribotype profiles and of PFGE (Pulsed-Field-Gel-
Electrophoresis) patterns (Pedersen et al., 1997; Pedersen et al., 
2009).  
The discovery of pPHDD1 plasmid in 2011, (Rivas et al., 2011) 
and of the chromosome I-encoded PhlyC hemolysin (Rivas et al., 
2013a), fuelled studies that analyzed the presence of these three 
hemolysin genes in larger collections of isolates. Such studies 
demonstrated that only a fraction of the strains harbour pPHDD1 
plasmid, whereas PhlyC (encoded by hlyAch gene) is virtually 
ubiquitous in the subspecies with the exception of a few negative 
isolates (Rivas et al., 2014). Similarly, it was shown that all the P. 
damselae subsp. damselae strains harbour plpV gene, but only a 
fraction of strains harbour colP gene (Vences et al., 2017).  
Before the completion of the present thesis, only a few genomes 
of P. damselae subsp. damselae had been sequenced and subjected to 
comparative genomics analysis. A recent study obtained the draft 
sequence of the three strains RM-71, LD-07 and A-162, and after a 
comparative analysis with the genome of the type strain CIP 102761 it 
was demonstrated that each strain harboured an important number of 
strain-specific genes, ranging from 262 genes unique to RM-71, to 34 
genes unique to strain A-162 (Vences et al., 2017). These four strains 








1.6. TWO COMPONENT REGULATORY SYSTEMS 
 
The two-component system (TCS) is a family of signal 
transduction proteins present in eukaryotes and prokaryotes (Stock et 
al., 2000). Two-component bacterial system are a dominant form of 
genetic control that responds to changes in their environment. They 
are related to the response to environmental stress (Freeman et al., 
2013, Raivio 2014), in pathogenesis (Herrera et al., 2014; Kim et al. 
2015; Mey et al., 2015; Goudenège et al., 2015), symbiotic 
relationships (Raghavan and Groisman, 2010; Norsworhy and Visick, 
2015) and interactions with eukaryotic hosts (Quon et al., 1996; 
Dubrac et al., 2008). Recently, TCS have been increasingly used as 
microbial biosensors, designed for bioremediation and biorefinery 
(Ravikumar et al., 2017).  
The classical TCS captures an environmental signal and transfers 
this information to the intracellular medium through a cascade of 
phosphorylations that culminates in altered gene expression and/or 
biochemical activities of target proteins. That is, a sensor protein 
responds to an environmental signal by modifying the phosphorylated 
state of a cognate regulatory protein. (Fig. I.5A). Regulatory proteins 
are generally repressors and / or activators of gene transcription. Thus, 
the induction of TCS causes a change in the transcription profile of the 
bacterium. The response regulator protein (histidine kinase), in its 
phosphorylated condition, has greater affinity for the promoter of a 
gene (Zwir et al., 2012; Gao et al., 2015). Some regulators do not 
have DNA binding domains and exert their effects establishing direct 
interactions with protein targets (Hengge, 2008) or RNA (Shu and 
Zlulin, 2002). The sensors use ATP to autophosphorylate a conserved 
histidine residue that serves as a phosphodonor for its regulatory 
partner, which is phosphorylated in a conserved aspartic acid residue. 
The recognition surface that confers specificity between sensor and 
regulator as well as the biochemical properties of these proteins are 
widely conserved between systems and species (Laub and Goulin, 
2007). In contrast, signals acting on regulated sensors and genes 
generally differ between TCS (Mascher et al., 2006). When a TCS 
receives inducer conditions there is an increase in the levels of 
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phosphorylated regulator. A regulator can be phosphorylated not only 
from a sensor but also from a low molecular weight phosphodonor 
such as acetyl phosphate (McCleary and Stock, 1994; Kosono et al., 
2015; Schilling et al., 2015). In addition, a signal can alter the 
synthesis and/or activity of a protein which in turn can modify the 
ability of a sensor to act as autokinase or phosphatase (Ishii et al., 
2013), or a phosphorylated regulator is dephosphorylated by cognate 
sensor (Kato and Groisman, 2004). These observations show how 
complex the mechanism of bacterial gene regulation may be. Hybrid 
TCS constitute a family of proteins that harbor sensing and regulatory 
domains of a classical TCS fused to a single polypeptide (Xu et al., 
2003; Xu et al., 2004; Raghavan and Groisman, 2010) (Fig. I.5B). 
Phosphorelay TCS is a version of the two-component system that 
involves four phosphoryl transfer events (Perego and Brannigan, 
2001) (Fig. I.5C). 
Normally, the sensor only affects the phosphorylated state of its 
cognate regulator (Fig. I.5A) (Verhamme et al., 2002; Laub and 
Goulian, 2007). However, certain regulators may be phosphorylated 
from cognate and non-cognate sensors (Fig. I.5D), allowing the 
regulator's output to reflect different inputs from cognate and non-
cognate sensors (Botella et al., 2014). Consequently, different signals 
acting on different sensors can converge to a given regulator (Fig. 
I.5D). Beside, a particular sensor may serve as a phosphodonor for 
multiple regulators (Fig. I.5E), thus expanding the spectrum of genes, 
proteins, and activities affected by the stimulus in a given sensor 
(Mika and Hengge, 2005). 
Genetic control systems often use feedback mechanisms (Fig. I.6) 
to adjust responses according to an environmental signal 
(Mitrophanov and Groisman, 2008). Feedback mechanisms play 
critical roles in responding to stress conditions (Hsieh and Wanner 
2010) and developmental pathways (Biondi et al., 2006). In addition, 
they are essential for pathogens to cause disease (Shin et al., 2006) for 
symbiotic organisms to reside in their eukaryotic hosts (Tu et al., 
2010) and for the synthesis of antibacterial agents (Sherwood and 
Bibb, 2013), resistance to antibacterial agents (Chen and Groisman, 




2011). In general, the proteins of the two-component system control 
their production by altering the amount of active regulator. In figure 
I.6 we can observe the extrinsic control of a two-component system 
that is self-regulating, besides regulating the effector gene and 
transcriptional control of the regulator. The effector can affect the 
input access to the sensor (Park and Groisman, 2014; Raghavan et al., 
2014), by binding to the sensor modifying its enzymatic activities 
(Raivio et al., 1999; Lippa and Goulian, 2009) or modifying the 
phosphorylation state of the regulator directly or indirectly (Wang et 
al., 2014). For certain operons of the TCS, a single promoter is used to 
provide baseline and self-regulated data (Martin et al., 2010). In some 
cases, the genes of theTCS can be transcribed in different ways even if 
they belong to the same operon (Pescaretti et al., 2010). This is due to 
the existence of a separate promoter located within the coding region 
of the adjacent operon gene (Pescaretti et al., 2009). 
High levels of sensor and/or regulator may result in cross-talk 
through two or more TCS because of the competition between cognate 
and non-cognate proteins, thus altering the output of a system 
(Yamamoto et al., 2005). It appears that during evolution, cross-
protein cross-linking of TCShas been avoided in two ways: by 
maintaining basal levels of proteinexpression from the two-component 
low-level system, and by using feedback to increase levels of cognate 
sensor and regulator proteins only when the stimulus environment is 
present (Groisman, 2016).  
The number of sensor and regulator molecules for a given TCS is 
not constant under inducing and non-inducing conditions, even when 
the corresponding genes are part of an operon. In the vast majority of 
cases examined, the number of regulatory molecules is larger than the 
number of molecules in the sensor (Schrecke et al., 2013). Increasing 
the phosphorylated regulator results in a corresponding increase in 
promoter occupancy by the regulator and in raising mRNA levels of 
target genes (virulence genes for example) (Shin et al., 2006).  







Fig.I.5: Architectural classes of two-component signal transduction systems, and of signaling pathways using two-component 
system proteins. A-Classical, B-Hybrid, C-Phosphorelay, D-Convergent, E-Divergent. Graph based on information available in 



























































































Fig.I.6: Feedback control of two-component system. Graph based on information 
available in (Groisman, 2016). 
 
1.7. JUSTIFICATION OF THE UNITY AND COHERENCE 
OF THIS THESIS 
 
As mentioned above, there is increasing evidence that P. 
damselae subsp. damselae is a genetically diverse microorganism. 
One of the questions that is awaiting for a definite response is whether 
the outbreaks caused by P. damselae subsp. damselae in fish farms are 
caused by specialized clonal lineages or by multiclonal populations. 
This question is of major importance, since, as described above, not 
all the strains produce the same virulence factors. It has to be said that 
several lines of evidence point at a multiclonal origin of the outbreaks. 
In this sense, previous studies have demonstrated that P. damselae 
subsp. damselae isolates from outbreaks in rainbow trout farms in 
Denmark exhibited a high diversity of Ribotype profiles and of PFGE 
(Pulsed-Field-Gel-Electrophoresis) patterns (Pedersen et al., 1997; 
Pedersen et al., 2009). However, when these studies were conducted, 
there was not information on the genetic basis of most of the P. 
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studies could only provide information about the genetic diversity in a 
broad sense.  
In order to provide an answer to the query of the monoclonal or 
multiclonal nature of the P. damselae subsp. damselae outbreaks, it 
would be necessary to analyze collections of isolates from a same 
geographical area, and when posible, from a same outbreak, under the 
light of the recent discoveries on the genetic basis of hemolysis and 
virulence in this pathogen. For this purpose, in the present thesis we 
will analyze two important collections of strains of this pathogen, 
isolated from outbreaks in Turkey (sea bass farms), and in Denmark 
(marine rainbow trout farms), respectively.  
It is notable that from 1971, when it was isolated as a causative 
agent of human infection, to this day, much progress has been made 
on the knowledge of the characteristics of the marine bacterium P. 
damselae subsp. damselae, and a number of virulence factors have 
been identified and characterized (Fig. I.7). However, how expression 
of these virulence factors is regulated, remains almost uninvestigated. 
Therefore, as one of the main objectives of the present work, we will 
attempt to elucidate the mechanisms by which the expression of 
hemolysins, damselysin (Dly), Phobalysin P (PhlyP) and Phobalysin C 
(PhlyC) of P. damselae subsp. damselae is regulated.  
Considering the evidence that P. damselae subsp. damselae is a 
genetically diverse pathogen, and that different strains contain 
different virulence gene repertoires, we also expect to identify 
regulatory mechanisms of virulence that might be common to all the 
strains, regardless of their content of virulence genes. The completion 
of this objective would surely provide novel molecular targets for the 
development of novel treatments for the vibriosis caused by this 






Fig.I.7: Some examples of relevant advances in the knowledge of P. damselae subsp. damselae and future perspectives of 
this work. 
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An “unnamed marine Vibrio”
was isolated as the causative
agent of human infection
(Morris et al., 1982).
Isolated from skin ulcers of
damselfish and for fist time,
was named Vibrio damsela
(Love et al., 1981).
Contradictorily was named
Listonella damsela (MacDonell
and Colwell 1984). Great ability 
to produce hemolytic cytolysin
and infect mice (Kreger, 1984).
Hemolytic cytolysin
(69 KDa). Evidence 
of the presence of 





(Smith et al., 1991).
Renamed Photobacterium
damselae subsp.  damselae
(Gauthier et al., 1995). 
The hemolytic cytolysin was 
dubbed damselisin (DLY) 
with phospholipase D 
activity (Kreger, 1987). First 
case of mortality of tubort
in aquaculture by this 
pathogen (Fouz et al. 1991).
Hypothesis of dly gene being within a 
prophage. Existence of strongly and 
weakly hemolytic strains, being the 
strongly hemolytic ones, carriers of dly
gene (Cutter and Kreger, 1990). 
Presence of dly gene is not a pre-requisite for pathogenicity
since hemolytic strains lacking dly gene have the ability to
trigger pathology in mice and fish (Osorio et al., 2000).
Demonstrated that P. damselae subsp.  damselae expresses 
siderophore-mediated iron-uptake systems (Fouz et al., 1997)
1994
Role of iron in the pathogenicity of Photobacterium
damselae for fish and mammals (Fouz et al., 1994).
Identification of virulence 
plasmid pPHDD1 possessing 
the dly gene and a gene for a 
pore-forming hemolysin
called hlyApl (Rivas et al., 
2011).
All P. damselae subsp. damselae
strains produce another pore 
forming hemolysin encoded on 
chromosome I, called HlyAch
Synergistic and Additive Effects of 
Chromosomal and Plasmid-
Encoded Hemolysins Contribute to 
Hemolysis and Virulence of this 
pathogen (Rivas et al., 2013b).
Evidence for horizontal gene 
transfer, gene duplication and 
genetic variation as driving 
forces of the diversity of 
haemolytic phenotypes in P.
damselae subsp. damselae
(Rivas et al., 2014).
P. damselae subsp. 
damselae major virulence
factors Dly,  HlyApl, and 
HlyAch are secreted via the
type II secretion system.
HlyApl has been renamed as 






Isolates of P. 
damselae subsp. 
damselae contribute
to virulence for Fish
(Vences et al., 2017).
Would there be a common factor in 
all strains of P. damselae subsp. 
damselae (with and without 
plasmid) capable of controlling the 
virulence of this pathogen?
Are disease outbreaks in 
aquaculture by P. damselae subp. 
damselae caused by the 
proliferation of a single clone, or of 
several clones?
How is the gene expression of the 

















2.  OBJECTIVES 
 
 
The first part of this thesis is devoted to the study of the genetic 
diversity of the fish and human pathogen P. damselae subsp. damselae 
in order to better understand its epidemiology and also whether the 
outbreaks caused by this pathogen are a consequence of infection and 
proliferation of a single adapted clone or of several clones. For this, it 
was essential to have strains of P. damselae subsp. damselae isolated 
from outbreaks in a same geographical region. We thus then began 
studying the collections provided by our collaborator Prof. Dr. Hamdi 
Ogut of Bursa Technical University (Turkey) and by Prof. Dr. Karl 
Pedersen and Prof. Dr. Inger Dalsgaard of the Denmark Technical 
University (DTU), who had collections of P. damselae subsp. 
damselae with the requirements we were looking for.  
 It has been mentioned in the introduction of this work that there 
are pPHDD1 virulence plasmid-bearing strains which, therefore, 
produce the hemolysins Dly, PhlyP and PhlyC, and also strains that do 
not harbor pPHDD1, and then produce only PhlyC. Since no previous 
works have tackled the study of how expression of these hemolysins is 
regulated, we here propose to initiate this investigation, looking for 
regulatory genes that could be ubiquitous in P. damselae. subsp. 
damselae. Thus, these regulators could be used in the future as a weak 
point to control infections caused by both plasmid-containing and by 
plasmidless strains. 
 
 Considering what has been presented so far in the above 
description, and in the Introduction section of this thesis, we propose 
the following Objectives: 
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1. Genetically characterize isolates of P. damselae subsp. 
damselae from the same outbreak or from geographically-related 
outbreaks, in order to understand the epidemiology and clonality 
of the populations of this pathogen.  
 
2. Identify and characterize genes involved in the regulation of 
gene expression of Dly, PhlyP and PhlyC hemolysins (and other 
virulence factors) of P. damselae subsp. damselae, and verify if 



















3.  RESULTS 
 
3.1. Article 1 
Photobacterium damselae subsp. damselae, an Emerging Fish 







3.2. Article 2 
Molecular Epidemiology of Photobacterium damselae subsp. 
damselae Outbreaks in Marine Rainbow Trout Farms Reveals 
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3.3. Article 3 
 
rstB Regulates Expression of the Photobacterium damselae subsp. 








3.4. Article 4 (to submit) 
Mutation of the RstAB Two-Component Regulatory System Impairs 
Virulence, Motility, Cell Morphology, Antimicrobial Resistance and 
Production of Type II Secretion System-Dependent Factors in the Fish 























Mutation of the RstAB two-component regulatory system impairs 
virulence, motility, cell morphology, antimicrobial resistance and 
production of type II secretion system-dependent factors in the 
fish and human pathogen Photobacterium damselae subsp. 
damselae 
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The RstB histidine kinase of the two component system RstAB 
positively regulates the expression of Dly, PhlyP and PhlyC 
cytotoxins in the fish and human pathogen Photobacterium damselae 
subsp. damselae. However, the function of the predicted cognate 
response regulator RstA has not been studied so far, and the effects of 
rstA and rstB mutations in other cell functions and phenotypes remain 
uninvestigated. Here, we analysed the effect of rstA and rstB 
mutations in cell fitness and in diverse virulence-related features. 
Mutants in rstA and rstB genes were impaired in hemolysis and in 
Dly-dependent phospholipase activity. However, rstAB mutations did 
not cause a detectable effect on PlpV-dependent phospholipase and 
ColP-dependent gelatinase activities. We found no defects in growth 
of rstA and rstB mutants under varied conditions of temperature and 
NaCl concentration. However, rstA and rstB mutants grown at 0.5% 
NaCl exhibited impaired swimming motility, enlarged cell size and 
impaired ability to separate after cell division. Mutation of any of the 
two genes also caused an increased sensitivity to benzylpenicillin. 
Notably, rstA and rstB mutants showed impaired secretion of a 
number of type II secretion system-dependent proteins, which 
included the major cytotoxins Dly, PhlyP and PhlyC, as well as four 
hitherto unreported secreted proteins in this bacterial species which 
might constitute novel virulence factors. Both rstA and rstB mutants 
were severely impaired in virulence in a seabass model. This study 
establishes the role of RstAB as a major regulator of virulence and 
diverse cellular functions in P. damselae subsp. damselae.  
 
Introduction 
Two-component signal transduction systems enable bacteria to sense 
environmental stimuli and transfer this information across the 
cytoplasmic membrane to the cytoplasm. Such systems consist of a 
membrane-embedded protein kinase which acts as a sensory 
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component, and its cognate response regulator, a cytoplasmic 
transcriptional factor. When the sensory component of the pair is 
stimulated by a specific signal, it autophosphorylates a histidine 
residue and then transfers the phosphate group to a conserved 
aspartate residue of the response regulator (Stock et al., 2000).  
Photobacterium damselae subsp. damselae is a marine bacterium 
pathogenic for a variety of marine animals as well as for humans, and 
represents an emerging threat for fish species of financial importance 
in marine aquaculture (Rivas et al., 2013a; Terceti et al; 2016; Osorio 
et al., 2018). pPHDD1 plasmid encodes two major virulence factors, 
the phospholipase-D damselysin (Dly) and the pore-forming toxin 
phobalysin P (PhlyP) (Rivas et al., 2011; Rivas et al 2015a). 
Additional virulence factors are encoded within the chromosomes and 
include the pore-forming toxin phobalysin C (PhlyC), the 
phospholipase PlpV and the collagenase ColP (Rivas et al., 2013b; 
Vences et al., 2017). While production of PhlyC and PlpV are almost 
ubiquitous traits in this subespecies, only a fraction of the isolates 
produce the collagenase ColP (Vences et al., 2017). Mutants in the 
gene encoding EpsL protein, an inner membrane component of the 
type II secretion system (T2SS) exhibit impaired hemolysis, 
phospholipase, and gelatinase activities, providing evidence that the 
T2SS secretes Dly, PhlyP, PhlyC, PlpV and ColP enzymes (Rivas et 
al., 2015b; Vences et al., 2017). Howewer, besides these cytotoxins, 
the secretome of P. damselae subsp. damselae remains largerly 
uncharacterized.  
Recently, it was reported for the first time the functionality of a two-
component regulatory system in this pathogen which, based on its 
similarity to the RstAB system originally described in Escherichia 
coli, was dubbed RstAB (Terceti et al., 2017). The P. damselae subsp. 
damselae RstAB system is thus predicted to consist of the histidine 
kinase RstB (locus VDA_000600) and its cognate cytoplasmic 
response regulator RstA (locus VDA_000601). Single rstB mutants 
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exhibited a strong impairment in the expression of the three 
hemolysins Dly, PhlyP and PhlyC as well as in virulence in a seabass 
fish model. However, the role of the putative cognate response 
regulator RstA has not been studied to date, and nothing is known 
about the role of RstAB system in the regulation of other virulence 
traits and of its effects on cell fitness.  
In the present study, we have constructed and assayed for the first 
time single rstA mutants in the pPHDD1-harbouring strain RM-71, as 
well as rstA and rstB mutants in the plasmidless strain LD-07 of P. 
damselae subsp. damselae. Notably, we found that rstA mutation 
compromises virulence for fish and hemolytic activity at levels 
comparable to the rstB mutant. Most importantly, the RstAB system is 
essential for maintenance of cell shape and size and for full flagelar 
motility under conditions of low osmolarity. In addition, resistance to 
benzylpenicillin was impaired in rstA and rstB mutants. Mutation of 
either rstA or rstB strongly compromised the secretion of Dly, PhyP 
and PhlyC as well as of a number of type II secretion system-
dependent proteins, some of which constitute potential novel virulence 
factors in P. damselae. Genes of the RstAB regulon comprised 
plasmid, chromosome I and chromosome II-encoded genes, and 
showed a notable differential distribution among isolates of this 
subspecies. These results demonstrate a major regulatory role of the 
RstAB system in the physiology and in virulence of this important 
marine pathogen, and open new paradigms in the study of the RstAB 
regulon in marine bacteria.  
 
Materials and Methods 
Bacterial Plasmids, Strains, and Culture Conditions. The bacterial 
strains and plasmids used in this study are listed in Table 1. In 
addition, 83 strains of P. damselae subsp. damselae from diverse 
isolation sources used in this study in the genetic screening of genes 
belonging to the RstAB regulon are included in Fig. 8. 
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 P. damselae subsp. damselae cells were routinely grown at 25°C on 
tryptic soy agar (TSA) and broth (TSB) supplemented with NaCl up to 
1% (TSA-1 and TSB-1, respectively). For experiments with other 
NaCl and temperature conditions, these variables were set as needed. 
E. coli was grown at 37°C in Luria-Bertani (LB) broth or LB agar. 
When necessary, antibiotics were used at the following final 
concentrations: kanamycin (Km) at 50 μg mL-1, chloramphenicol 
(Cm) at 20 μg mL-1. For growth curves, at least three replicates per 
strain were grown in independent experiments in 200 μl medium in a 
96 well plate inoculated 1:100 from exponentially growing precultures 
(OD600=0.02) and analyzed using a Biotek plate reader by measuring 
OD600 at 10 min intervals. 
Assays for hemolysis, phospholipase and gelatinase activities, and 
swimming motility. Motility assays were carried out using motility 
agar, which consisted of TSB (0.5 or 1% NaCl) supplemented with 
0.25% bacteriological agar. For this assay, a single colony isolated 
from an 18-h culture agar plate for each strain was picked with a 
sterile plastic tip, and the tip was stabbed into the motility agar. They 
were incubated at 15 °C, 25°C and 37°C depending on the experiment. 
Hemolysis assays on agar plates were conducted by picking a colony 
of each strain previously grown on TSA-1, and inoculating it on sheep 
blood agar plates (Oxoid) and grown at 25°C. For the 
phospholipase/lecithinase activity assay, 10 µl of TSB-1 overnight 
cultures for each P. damselae subsp. damselae strain were spotted 
onto TSA-1 plates supplemented with 3% egg yolk extract (Oxoid), 
and results were evaluated after 24 h of culture at 25ºC. Hydrolysis of 
lecithin by the phospholipase yields water-insoluble diglycerides that 
cause the appearance of an opaque precipitate. The gelatinase activity 
assay was carried out by spotting 10 µl of a TSB-1 overnight culture 
onto TSA-1 plates supplemented with 1% gelatin (Oxoid), and results 
were developed after 48 h of incubation at 25 °C by covering the agar 
plate surface with a 12.5% (wt/vol) HgCl2 solution. Hydrolysis of 
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gelatin by the gelatinase enzyme causes the appearance of a 
translucent halo around the bacterial colony upon addition of HgCl2. 
All the assays were repeated three times to ensure that the hemolytic 
and enzymatic haloes and motility radius of the strains were 
reproducible. 
PCR assays. Relevant PCR primers used in this study are listed in 
Table 2. PCR reactions were routinely performed with Kapa Taq 
DNA polymerase (Kapa) using a T-gradient termocycler (Biometra). 
Routinely, the following thermal cycling conditions were used: 95 ºC 
for 5 min, followed by 30 cycles of 95 ºC for 30 s, 52.5ºC for 30 s and 
an elongation step of 1 min at 72 ºC per kb. 
Allelic-exchange deletion mutant construction and gene 
complementation. Nonpolar deletions of rstA and rstB genes were 
constructed using PCR amplification of the amino- and carboxy-
terminal fragments of each gene, which, when fused together, would 
result in an in-frame deletion of more than 90% of the coding 
sequence. The primers used are described in Table 2. Amplification 
was carried out using Hi-Fidelity Kapa Taq (Kapa). Allelic exchange 
was performed using the Km
R
 suicide vector pNidKan containing 
the sacB gene, which confers sucrose sensitivity, and R6K ori, which 
requires the pir gene product for replication. The plasmid constructs 
containing the deleted alleles were transferred from E. coli S17-1-
λpir into RM-71 strain. After conjugation for 48 h on TSA plates 
prepared with seawater, cells were scraped off the plate and 
resuspended in TSB-1. Next, 100-μl aliquots of serial decimal 
dilutions were spread on Thiosulfate citrate bile salts sucrose (TCBS) 
agar and subsequently selecting for sucrose resistance (15% [wt/vol]) 
for a second recombination event. This led to the P. 
damselae subsp. damselae mutant strains described in Table 1. The 
absence of the deleted alleles was confirmed in each case by PCR, and 
the genome region involved in the deletion was sequenced to verify 
that the deletion was nonpolar. For complementation of the 
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mutants, rstAB ORFs sequence together with the respective promoter 
sequence was amplified by PCR using Hi-Fidelity Kapa Taq, cloned 
into the Cm
R 
mobilizable vector pMRB24 and mobilized from E. 
coli S17-1-λpir into mutant strains MT319 (RM-71 ∆rstA), MT341 
(LD-07 ∆rstA) and MT340 (LD-07 ∆rstB). 
Fish virulence assays. In order to test the effect of rstA and rstB 
deletions in virulence of P. damselae subsp. damselae for fish, we 
carried out virulence assays using sea bass (Dicentrarchus labrax) as a 
model. Fish were obtained from IGAFA (Illa de Arousa, Galicia, 
Spain). Groups of 10 fish (6 ± 1.2 g) per strain tested and per dose 
were acclimated in 100 l aquaria at 24ºC for one week before 
performing the assays. Fish were inoculated intraperitoneally with 0.1 
ml of bacterial suspensions of each strain in 0.85% NaCl solution at 




 CFU/fish. A control group of 10 
fish was inoculated with 0.1 ml of sterile 0.85% NaCl solution. Fish 
mortality was recorded daily for 10 days after inoculation. Re-
isolation and identification of the bacteria from the kidney of dead fish 
were performed. The protocols of animal experimentation used in this 
study have been reviewed and approved by the Animal Ethic 
Committee of the Universidade de Santiago de Compostela.   
MIC assay. To determine the susceptibility to benzylpenicillin, 
vancomycin, polymyxin, bacitracin, fosfomycin and teicoplanin, 
exponentially grown cultures of P. damselae subsp. damselae strains 
were adjusted to an optical density at 600 nm (OD600) of 0.5 and 
seeded onto TSA-1 plates in the presence of E-test gradient antibiotic 
strips (bioMérieux), 
Scanning Electron Microscopy. Exponentially growing cultures of 
P. damselae subsp. damselae strains in TSB with either 0.5% or 1% 
NaCl were used for scanning electron microscopy observation of cell 
shape and size. Bacteria were fixed for 3 h at 4 
o
C in 4% 
paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer, 
pH 7.4, and postfixed for 1.5 h in 1% osmium tetroxide in the same 
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buffer. Samples were then washed three times in dH2O, dehydrated 
using a series of graded ethyl alcohols, chemically dried using HMDS 
(hexamethyldisilazane) (Sigma), sputter-coated with iridium, before 
finally being viewed and photographed in an Ultra Plus ZEISS 
scanning electron microscope. 
Molecular phylogenetic analysis. Phylogenetic relationships of the 
sensor and regulator proteins of the two component systems RstAB of 
P. damselae subsp. damselae with homologous proteins of other 
bacteria were evaluated using MEGA6 (Tamura et al., 2013). 
Phylogenetic trees were constructed using the neighbor-joining 
method (Saitou and Nei, 1987), and evolutionary distances (number of 
residue substitutions per site) were computed using the Maximum 
Composite Likelihood method (Tamura et al., 2004). Numbers at the 
tree nodes represent bootstrap values, expressed as a percentage of 
1,000 replications. Accession numbers are listed in parentheses to the 
right of each organism name. 
SDS-PAGE. In order to identify the proteins secreted by the type II 
secretion system (T2SS) including those which were under the control 
of the two component regulatory system RstAB, we collected 
extracellular products (ECPs) from several replicates of liquid cultures 
of P. damselae subsp. damselae of the following strains: RM-71
wt,
 
ΔrstA, ΔrstB, a deletion mutant of epsL gene (ΔepsL) encoding a 
component of the type II secretion system (T2SS), and different 
mutant combinations for the genes encoding hemolysins Dly (dly 
gene), PhlyP (hlyApl gene) and PhlyC (hlyAch gene). The ECPs were 
obtained from cultures grown in TSB-1 at 25ºC to an optical density at 
600 nm (OD600) of 1.7, corresponding to the stationary phase of 
growth. Bacterial suspensions were centrifuged (6000× g, 5 min, 4 
ºC), bacterial cell pellets discarded and the cultured supernatants 
collected and filtered through 0.22 µm-pore size filters (Schleicher & 
Shuell, Dassel, Germany). Proteins from 1.5 mL cell-free culture 
supernatants were precipitated with 10% (W/v) trichloroacetic acid 
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(TCA) for 30 min on ice and recovered by centrifugation. Protein 
pellets were washed in 10% (w/v) TCA followed by a washing in 
acetone, and air-dried. Precipitated ECPs were solubilized in SDS-
sample buffer (50 mM Tris-HCl (pH 8.8), 2% SDS, 0.05% 
bromophenol blue, 10% glycerol, 2 mM EDTA, and 100 mM DTT) 
and subjected to SDS-PAGE in 10 or 12% polyacrylamide gels using 
the Laemmli discontinuous buffer system (Laemmli, 1970). Proteins 
in the gels were stained with Coomassie Brilliant Blue. For the 
identification of T2SS-dependent proteins, protein bands were cut 
from several independent polyacrylamide gels. Thus, we also made 
sure that the secreted protein profiles generated were always 
reproducible. 
Proteomic analysis. The selected protein bands were excised from the 
gel, reduced with DTT, and alkylated with IAA as previously 
described (Gomes et al., 2013), following digestion with trypsin. The 
resulting peptides were desalted and concentrated using reverse phase 
C18 tips (ZipTips, Millipore) following the manufacturer’s 
instructions, eluted in 60% ACN / 0.1% TFA, and allowed to dry 
(SpeedVac, Thermo Scientific). The ressolubilized peptides were 
analysed by liquid chromatography (LC) coupled to an Orbitrap Q-
Exactive mass spectrometer (Thermo Scientific) using a nanospray 
ionization source (Easy-Spray, Thermo Scientific). Reverse phase 
peptide separation was performed with an Ultimate 3000 system 
(Thermo Scientific) fitted with a trapping cartri ge ( cclaim  epMap 
C18 1   , 5mm x 300 µm i.d., 160454, Thermo Scientific) in a 
mobile phase of 2% ACN, 0.1% FA at 10 µL/min. After 3 min of 
loading, the trap column was switched in-line to a PepMap RSLC 
C18, 3μm, 75 μmi.d. x 15 cm EASY-Spray analytical column (ES800, 
Thermo Scientific). Separation was generated by mixing A: 0.1% FA, 
and B: 80% ACN, 0.1% FA at 300 nL/min, with the following 
gradient: 30 min (2.5% B to 35% B), 5 min (35% B to 95% B), 5 min 
(hold 95% B). Data acquisition was controlled by Xcalibur 4.0 and 
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Tune 2.8 software (Thermo Scientific). The mass spectrometer was 
operated in data-dependent (dd)positive acquisition mode alternating 
between a full scan (m/z300-2000) and subsequent HCD MS/MS of 
the 10 most intense peaks from full scan (normalized collision energy 
of 27%). ESI spray voltage was 1.9 kV. Global settings: lock masses 
best (m/z 445.12003), lock mass injection Full MS, chrom. peak width 
(FWHM) 15s. Full scan settings: 70k resolution (m/z200), AGC target 
3e6, maximum injection time 100 ms.dd settings: minimum AGC 
target 1e3, intensity threshold 1e4, charge exclusión (+) unassigned, 1, 
5-8, >8, peptide match preferred, exclude isotopes on, dynamic 
exclusion 20s. MS2 settings: microscans 1, resolution 17.5k (m/z 
200), AGC target 1e5, maximum injection time 100 ms, isolation 
window 2.0 m/z, isolation offset 0.0 m/z, spectrum data type profile. 
The raw data was processed using Proteome Discoverer 2.2.0.388 
software (Thermo Scientific) and searched against the UniProt 
database for the taxonomic selection Photobacterium (September 
2017 release) and Rapid Annotations using Subsystems Technology 
(RAST) server (Aziz et al., 2008). The Sequest HT search engine was 
used to identify tryptic peptides. The ion mass tolerance was 10 ppm 
for precursor ions and 0.02 Da for fragment ions. Maximum allowed 
missing cleavage sites was set 2. Cysteine carbamidomethylation was 
set as a constant modification. Methionine oxidation and N-terminal 
protein acetylation were defined as variable modifications. Gene 
nomenclature was used following that of P. damselae subsp. damselae 
type strain CIP102761 (GenBank accession number 
ADBS00000000.1). For those proteins absent in CIP102761, the gene 
nomenclature of strain RM-71 (GenBank accession number 








rstA mutants are impaired in hemolytic activity and in virulence 
for fish. 
In a previous study, we generated a mini-Tn10 transposon insertional 
library of Pdd RM-71 strain, and identified a mutant that exhibited 
impaired hemolytic activity. Such mutant contained a disrupted 
VDA_000600 locus, which was predicted to encode the histidine 
kinase partner RstB of a putative two-component regulatory system 
RstAB (Terceti et al., 2017). The upstream locus VDA_000601 
encodes a putative response regulator RstA. Albeit this protein was 
considered the cognate pair of RstB by in silico analysis, to date no 
mutants of rstA gene have been constructed and assayed in P. 
damselae subsp. damselae.  
We here constructed a rstA deletion mutant in RM-71 and found that 
its hemolytic activity for sheep blood erythrocytes was impaired at 
levels comparable to those of the ΔrstB strain (Fig. 1A). Hemolysis of 
sheep erythrocytes by RM-71 is known to be due to a synergistic 
effect of Dly phospholipase with the two pore-forming toxins PhlyP 
and PhlyC (Rivas et al., 2013). Of these three cytotoxins, only Dly has 
the ability to degrade phospholipids on agar plates supplemented with 
lecithin, which enables the study of impairment in Dly secretion. The 
effect of rstA or rstB mutations in phospholipase activity in Pdd has 
not been tested to date. Here, we demonstrate that single deletions of 
rstA and rstB in RM-71caused a strong impairment in the ability to 
degrade phospholipids (Fig. 1B), which demonstrates that Dly 
production is nearly abolished in rstAB mutants.  
Previously, it was shown that rstB mutation drastically diminished 
virulence of RM-71 in a sea bass fish model (Terceti et al., 2017). 
Here we wanted to tested whether rstA mutation would compromise 
virulence of Pdd for fish. Virulence tests conducted with sea bass as a 
model fish crearly demonstrated that the single rstA and rstB mutants 
are strongly impaired in their virulence for sea bass (Fig. 2). All these 
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lines of evidence suggest that RstA, the protein encoded by 
VDA_000601 in Pdd, is the cognate response regulator of the 
histidine kinase RstB encoded by VDA_000600 and is necessary for 
hemolytic activity of Pdd and for full virulence for sea bass. 
 
Mutations in rstA and rstB do not impair PlpV-dependent 
phospholipase and ColP-dependent collagenase activities. 
P. damselae subsp. damselae strains encode a phospholipase dubbed 
PlpV, whose contribution to lecithin degradation and to virulence for 
fish is inferior than that of Dly toxin. Plasmidless strains do not 
produce Dly and yield a thin phospholipase halo in lecithin-
supplemented plates caused by the minor contribution of PlpV 
(Vences et al., 2017). Therefore, since RM-71 strain produces Dly and 
PlpV (Vences et al., 2017), the residual precipitation halo observed in 
the rstA and rstB mutants in the phospholipase assay might be 
attributable either to small amounts of Dly being produced, or to the 
contribution of PlpV, or to both. The role of the TCS RstAB on 
regulation of PlpV phospholipase has not been studied so far. In order 
to clarify this, we selected LD-07, a naturally plasmidless strain of 
Pdd isolated from sea bream (Table 1) that does not produce Dly and 
PhlyP toxins. The phospholipase phenotype of LD-07 is thus due 
exclusively to the production of PlpV, and its hemolytic activity 
againts sheep erythrocytes is exerted by the chromosome-encoded 
hemolysin PhlyC (encoded by hlyAch gene) (Vences et al., 2017). 
Deletion mutants of the RstAB system were thus made in strain LD-
07, generating the single mutants LD-07ΔrstA and LD-07ΔrstB that 
were seeded together with the parental strain LD-07 on sheep blood 
agar plates (to evaluate hemolytic activity) and on agar plates 
supplemented with egg yolk emulsion (to evaluate phospholipase 
activity). We observed that deletion of rstA and rstB did not cause any 
impairment in the lecithin degradation halo, confirming that rstAB 
system is not a regulator of the plpV gene (Fig. 1D). However, as 
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expected, mutation of either rstA or rstB abolished the hemolytic 
activity of LD-07 against sheep eryhrocytes, demonstrating that 
RstAB system is a positive regulator of hlyAch gene and is essential for 
hemolytic activity in plasmidless isolates (Fig. 1C). 
Recently, it was demonstrated that ColP collagenase has a minor 
contribution to virulence in LD-07 strain, and is the only gene 
responsible for gelatin degradation on agar plate tests (Vences et al., 
2017). Since RM-71 strain lacks colP gene, we assayed the 
collagenase activity of rstA and rstB deletion mutants of strain LD-07 
(colP-positive) on TSA-1 plates supplemented with 1% gelatin. We 
observed that the RstAB system is not involved in the regulation of 
colP at detectable levels (Fig. 1E). Complementation of the RM-71 
and LD07 rstAB mutants with plasmid prstAB (Table 1) restored the 
hemolytic activity against sheep erythrocytes at levels of the parental 
strains, as well as the phospholipase activity in RM-71 derived 
mutants (data not shown).  
 
rstAB mutants are not impaired in growth at different 
temperatures and NaCl concentrations in comparison to the 
parental strain 
In a previous study it was reported that mutation of rstB did not impair 
growth of Pdd RM-71 under standard laboratory conditions in TSB-1 
medium at 25ºC (Terceti et al., 2017). Since P. damselae subsp. 
damselae isolates are known to grow through a wide range of 
temperatures and sodium concentrations, we here analyzed the growth 
of RM-71
wt
, RM-71ΔrstA and RM-71ΔrstB strains using a Biotek 
plate reader at 15°C, 25°C and 37°C, and under NaCl concentrations 
of 0.5% and 1% NaCl. 
No relevant differences were observed in the growth of these three 
strains when exposed to the same conditions of temperature and NaCl 
concentration (Fig. 3A). This result indicates that RstAB system is not 
essential for optimal growth under the assayed culture conditions. 
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However, the growth behaviour differed depending on the conditions. 
Parental and mutant strains reached the exponential growth stage more 
rapidly at 37°C with 1% NaCl, entering the stationary phase after 7 h 
post inoculation (OD600max = 0.4) (Figure 3A). However, growth at 
25°C with 1% NaCl was the optimal growth condition, as this allowed 
parental and mutant strains to reach an OD600max= 0.5, even though 
they entered the exponential growth phase about 4 h later compared to 
growth at 37°C with 1% NaCl. At 15°C with 1% NaCl exponential 
growth was only observed after 20 h post inoculation (Fig. 3A).  
When NaCl concentration was set at 0.5%, the growth of all the 
strains was impaired with respect to growth at 1% NaCl, 
independently of the temperature of the assay, and parental and 
mutant strains exhibited similar growth paterns (Fig. 2A). 
Unexpectedly, a sharp drop in growth was observed at 37°C and 0.5% 
NaCl, as no growth was detected for any of the three strains. This 
suggests that P. damselae subsp. damselae is not able to multiply 
under the combined effect of high temperature and low salinity, which 
might act as stressful conditions for this bacterium.  
 
rstAB mutants show impaired motility and aberrant cell shape 
and size at 0.5 % NaCl, but not at 1% NaCl 
Swimming motility is believed to constitute an important factor in the 
pathogenicity of Pdd for fish and it has been demonstrated that 
seawater transmits the disease (Fouz et al., 2000). Since the effect of 
rstAB genes in motility has not been assayed so far, we here 
investigated the behaviour in motility agar of RM-71
wt
, RM-71ΔrstA 
and RM-71ΔrstB. We found that mutant strains were not affected in 
swimming motility with respect to parental strain at any temperature 
at 1% NaCl, albeit the three strains showed different patterns of 
growth/motility in a temperature-dependent fashion, reflecting the 
differences in growth at each temperature mentioned above (Fig. 3B). 
Of note, growth at 37ºC generated a diffuse pattern of motility, 
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suggesting that growth at such temperature causes a subpopulation of 
cells to became less motile. However, when strains were assayed for 
motility at 0.5 NaCl, both the rstA and the rstB mutants exhibited 
impaired swimming motility haloes at 15ºC and at 25°C NaCl (Fig. 
3B and 3C). In concordance with the data of growth curve analyses, 
cultivation at 37ºC in presence of 0.5% NaCl abolished bacterial 
growth. The impaired motility haloes of the rstA and rstB mutants are 
not due to differences in growth between parental strains and mutants, 
as demonstrated in the analysis of the growth curves (Fig. 3A). 
Altogether, these results suggest that the two-component RstAB 
system of P. damselae subsp. damselae contributes to regulation of 
swimming motility in this bacterium. 
Previously, it had been observed that single mutation of rstB did not 
impair cell morphology of RM-71 grown in TSB and 1% NaCl 
(Terceti et al., 2017). Since motility is impaired in rstAB mutants only 
under growth at low salinity (0.5 % NaCl), we judged interesting to 
study the cell morphology of the three strains grown in TSB with 0.5 
% and with 1% NaCl, respectively, by scanning electron microscopy. 
We observed that, at 1% NaCl, cells of the RM-71ΔrstA and RM-
71ΔrstB mutants exhibited cell shapes and sizes similar to parental 
strain. However, when cells were cultured at 0.5% NaCl, differences 
in cell arrangement, morphology and size became evident (Fig. 4). 
Both the rstA and rstB mutants exhibited longer and swollen cells, and 
most often connected to each other forming chain-like structures, 
suggesting an impairment in daughter cell separation upon cell 
division. Mobilization of the complementing plasmid prstAB into the 
rstA and rstB mutants caused the reversion to normal cell shapes and 
size (data not shown). These results demonstrate that the RstAB 
system is essential for optimal cell division and control of cell shape 




Mutations in rstAB increases benzylpenicillin and vancomycin 
sensitivity. 
Previous studies reported that mutations in RstAB-like systems cause 
an increased sensitivity to antimicrobial substances in some bacterial 
species. Such is the case in Vibrio cholerae, where mutations in 
vprAB/carSR genes (homologues of Pdd rstAB) increased sensitivity 
to polymyxin B (Herrera et al, 2014; Bilecen et al., 2015). However, 
rstB mutation in Pdd RM-71 was not found to cause an increase in 
polymyxin B in a previous study (Terceti et al., 2017). We here 
assessed whether rstAB mutation had any effect in Pdd sensitivity to a 
collection of antimicrobials targeted to the cell envelope. The 
antibiotic sensitivity of RM-71
wt
, RM-71ΔrstA and RM-71ΔrstB 
strains was analyzed by E-test gradient strips. The two mutant strains 
showed an increased sensitivity for benzylpenicillin when cultured 
with 1% NaCl (Fig. 5). We also observed that mutant strains for the 
RstAB system became slightly sensitive to vancomycin, whereas the 
RM-71
wt
 strain is completely resistant to it (Fig. 5). These results 
suggest that the two-component RstAB system may be directly or 
indirectly related to regulation of cell wall synthesis of P. damselae 
subsp. damselae. However, the RM-71
wt
, RM-71ΔrstA and RM-
71ΔrstB strains were resistant to bacitracin and teicoplanin and 
sensitive to fosfomycin and polymyxin. Thus, RstAB appears to not 
interfere with the mechanism of sensitivity/resistance to bacitracin, 
fosfomycin, teicoplanin and polymyxin (Supplementary Figure S1).  
 
rstAB mutants are impaired in production of type II secretion 
system-dependent proteins 
The four major toxins Dly, PhlyP, PhlyC and PlpV are predicted to be 
secreted via the type II secretion system (T2SS) since epsL mutants 
showed to be impaired in hemolytic and phospholipase activities 
(Rivas et al., 2015b; Vences et al., 2017). However, the T2SS-
dependent secretome of RM-71 has not been further characterized. We 
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here wanted to gain an insight into the proteins secreted by RM-71, 
and into their dependence on the RstAB regulatory system. To this 
end, we conducted SDS-PAGE analysis of the extracellular products 
of the parental strain and the rstA and rstB mutants. In addition, in 
order to evaluate the dependence of the secreted proteins on a 
functional T2SS, we assayed the secreted proteins of an epsL mutant. 
The epsL gene encodes an inner-membrane spanning protein that 
constitutes an essential element in the T2SS of P. damselae subsp. 
damselae (Rivas et al., 2015b).  
This analysis revealed 12 protein bands whose secretion was impaired 
in the epsL mutant (hence, T2SS-dependent proteins). These bands 
were extracted from the gels and subjected to protein identification by 
mass spectrometry, and it was found that they account for 13 distinct 
proteins (Fig. 6A and C). The genetic context of the genes encoding 
the identified proteins was analyzed and their location within the 
genome of P. damselae subsp. damselae RM-71
wt 
was elucidated (Fig. 
7A). In addition, the proteins identified in this study were analyzed for 
blastP homology in other bacterial species (Table 3) and for their 
domains by Pfam 31.0 (Table 4). 
The proteins related to bands 1, 2, 3, 8 and 11 are only T2SS 
dependent and are not under control of the RstA/RstB system, 
whereas the remaining bands are T2SS- and RstAB-dependent. This 
observation indicates that mutation of the RstAB system does not 
prevent the correct function of the T2SS since bands 1, 2, 3, 8 and 11 
are equally present in the secretome of the parental strain and in ΔrstA 
an  ΔrstB mutants. In further support of this idea, as described above 
(Fig.1), rstA and rstB mutants were not affected in the lecithinase 
activity attributable to PlpV (mutants in the plasmidless strain LD-07), 
an enzyme known to be secreted via the T2SS (Vences et al., 2017).  
Notably, secretion of seven T2SS-dependent proteins (included within 
bands 4, 5, 6, 7, 9, 10, 12) was strongly impaired in the rstA and rstB 
mutants, and for some of them secretion was practically abolished 
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(Fig. 6A). One of the most outstanding features in the secretome 
pattern of RM-71 was the presence of two major bands in the range of 
60-80 kDa, that were absent in the rstA, rstB and epsL mutants. The 
molecular masses of these bands suggest that they correspond to the 
three hemolysins Dly, PhlyP and PhlyC, and we observed that these 
two major bands were absent in the protein profile of a RM-71 triple 
mutant for genes dly, hlyApl and hlyAch (Fig. 6A). To further determine 
which hemolysin(s) was contained in each band, we carried out SDS-
PAGE analysis of all the combinations of mutants for these three 
hemolysins. As a result, we corroborated that the upper intense band 
of ca. 75 kDa corresponded to Dly cytotoxin and the lower band of ca. 
65 kDa corresponded to PhlyP plus PhlyC, with a major contribution 
of PhyP over PhlyC (Fig. 6B). Thus, single mutation of each of the 
RstAB system genes, practically abolishes Dly, PhlyP and PhlyC 
production. In addition, and as previous studies had indirectly 
suggested (Rivas et al., 2015b), we demonstrate that mutation of epsL 
causes a strong impairment in Dly, PhlyP and PhlyC secretion.  
Among the additional secreted proteins whose production was 
impaired in the rstA and rstB mutants (Fig. 6C) we found putative 
novel virulence factors of Pdd. Of note, the parental strain produced 
high amounts of a small protein of 11 kDa (identified as 
A0J47_07530) whose secretion was nearly abolished in the rstAB and 
epsL mutants. Although the gene encoding A0J47_07530 protein is 
present in the genome of the type strain CIP102761 it is not annotated 
as such in the GenBank database and therefore we here provide its 
gene locus in RM-71 genome. The analysis of the genetic context of 
A0J47_07530 unveiled that it is located upstream (and likely 
cotranscribed with) the gene encoding a putative deltaendotoxin 
(VDA_002799) (Fig. 7). Indeed, this deltaendotoxin is also rstAB and 
epsL dependent as it was identified as the major component of bands 6 
and 7 (Fig. 6A and 6C). The delta-endotoxin corresponding to band 6 
has coverage of the identified peptides ranging from residues 197 to 
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529 and the delta-endotoxin for band 7 has a coverage ranging from 
residue 197 to 474. This analysis suggests that this protein is 
processed in its C-terminal region being evident in gel in two forms: 
non-truncated (band 6) and truncated at C-terminus (band 7) (Fig. 
6A).  
Finally, two uncharacterized secreted proteins were also rstAB 
dependent and corresponded to the pPHDD1 plasmid-encoded 
VDA_000112 and the chromosome II-encoded VDA_000358. 
Similarity searches failed to unveil well-characterized homologues for 
these two proteins (Table 3), and no conserved domains could be 
identified in a sequence analysis (Table 4).  
 
The P. damselae subsp. damselae T2SS-dependent secretome 
includes additional hitherto uncharacterized proteins. 
Six additional proteins were identified as T2SS-dependent although 
their secretion was not affected in rstA and rstB mutants (Fig. 6A and 
6C). Since the secretome of P. damselae subsp. damselae has been 
poorly characterized so far, we judged of high interest to further 
analyze these six proteins. VDA002460 corresponds to a T2SS-
dependent putative lipoprotein (Table 3), although no Pfam-A 
matches to known sequences were found (Table 4). VDA_000694 
corresponds to a putative sialidase and contains two Sial-lect-insert 
domains and a BNR_2 domain (Tables 3 and 4). It is known that 
pathogenic bacteria can utilize host sialic acid to form a protective 
coating that provides resistance to host immune response (Severi et 
al., 2007).  
A0J47_15850 is a putative T2SS-dependent serine protease with 
peptidase S8 domain belonging to the family of subtilisin-like serine 
proteases (Bode et al., 1987). Subtilases are widespread, being found 
in eubacteria, archaebacteria, eukaryotes and viruses (Siezen and 
Leunissen, 1997). A0J47_09785 is also T2SS-dependent and 
corresponds to an uncharacterised Pdd protein with a trypsin-like 
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domain (Table 4) and with similarity (blastP) to proteases, 
metalloproteases and hemolysins (Table 3). It also appears as Hit 
(19% identity) the VesB protease from Vibrio cholerae, which has 
been described as a type II-secreted protease (Gadwal et al., 2014). 
VDA_000966 is also T2SS dependent and is encoded within 
chromosome II of Pdd. It has homology to hypothetical proteins and 
porin family proteins (Table 3) and analysis by Pfam31.0 revealed an 
OMP_b-brl domain (Table 4). Another protein identified as T2SS 
dependent and encoded within chromosome II is VDA_000738 which 
has homology with ComEA helix-hairpin-helix (HHH) repeat 
competence proteins of various species (Table 3). By analysis by 
Pfam31.0 we have found that this protein has a HHH domain which is 
a short DNA-binding domain belonging to CL0198 clan superfamily 
(Table 4) (Witte et al., 2008).  
 
Genes of the RstAB regulon show differential presence in P. 
damselae subsp. damselae isolates 
As mentioned above, the RstAB regulon of RM-71 strain comprises at 
least 7 genes whose products are secreted by the T2SS. They include 
plasmid, chromosome I and chromosome II-encoded genes (Fig. 7). In 
order to assess the degree of conservation of the RstAB regulon in the 
subspecies, a total of 83 strains of P. damselae subsp. damselae 
isolated from a variety of geographical regions and host species were 
tested for the presence of the following target genes: hlyAch, hlyApl, 
dly, VDA_000112, VDA_002799, A0J47_07530 and VDA_000358 
(Fig. 8). Presence of rstAB genes was also tested in all the strains. 
Some of these markers had already been tested in a fraction of these 
83 isolates in previous studies (Rivas et al., 2011; Rivas et al., 2014; 
Terceti et al., 2016; Terceti et al., 2018) and such previous 
information is thus included within Fig. 8. 
All the genes of the RstAB regulon showed differential distribution 
among the isolates. The three genes dly, hlyApl and VDA_000112 
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were present in 33.73% (28/83) of the isolates, and occurred always 
together, an observation that is coherent with their being pPHDD1 
plasmid-borne genes. The chromosome I-borne hlyAch gene encoding 
PhlyC hemolysin is almost ubiquitous in the subspecies (77/83), with 
the exception of three Turkish and three Danish plasmidless isolates 
where this gene is truncated by an insertion sequence (Terceti et al., 
2016; Terceti et al., 2018). In addition, 62.65% (52/83) of the isolates 
were carriers of the gene encoding VDA_000358 (Fig. 8). 
VDA_002799 (delta-endotoxin) and A0J47_07530 (the 11 kDa 
protein) co-occurred simultaneously in 48.2% (40/83) of the assayed 
strains. These two genes A0J47_07530 and VDA_002799 have been 
reported to be inserted into a highly variable genome region that is 
believed to constitute a host spot for the acquisition of horizontally-
adquired DNA in P. damselae subsp. damselae (Terceti et al., 2018) 
(Fig. 7A). 
Interestingly, rstAB genes were ubiquitous in the 83 isolates tested, 
demonstrating that this two-component regulatory system is highly 
conserved in the subspecies. Thus, the RstA/RstB system might be 
used as a weak point to control outbreaks caused by both plasmid-
containing and plasmidless strains. Of note, we found that 
homologues of the P. damselae subsp. damselae RstAB proteins are 
widely distributed in Vibrio and Photobacterium species, including 
pathogenic and non-pathogenic species (Supplementary Fig. S2).  
 
Discussion 
Identification of the regulatory mechanisms in bacterial pathogens is 
of maximal interest in order to understand the environmental and host 
conditions that trigger the expression of virulence factors. P. damselae 
subsp. damselae is a generalist pathogen, capable of living as a free-
swimming bacterium that causes outbreaks in cultured fish species 
when the conditions become favourable (Osorio et al., 2018). This 
pathogen produces a variety of toxins which are thought to be secreted 
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through the T2SS (Rivas et al., 2015b; Vences et al., 2018). So far, the 
only regulatory mechanism characterized in this subspecies is the 
putative histidine kinase RstB, which is genetically linked to a 
putative response regulator RstA (Terceti et al., 2017). 
Here we demonstrated that single mutation of rstA impairs virulence 
in a seabass model, confirming the results previously obtained with 
single rstB mutants. Studies of the role of RstAB system in fish 
pathogens are very scarce. Notably, mutation of rstB in Edwardsiella 
ictaluri caused impaired colonization and virulence in a channel 
catfish model (Menanteau-Ledouble and Lawrence, 2013).  
P. damselae subsp. damselae strains are able to grow through a range 
of temperatures and of NaCl concentrations (Kreger et al., 1984; Fouz 
et al., 1992; Fouz et al., 1998). Mutation of rstA and rstB genes did 
not compromise growth at 15, 25 and 37ºC at 1% NaCl. However, a 
drastic impairment in growth occurred at 37ºC and 0.5% NaCl, a 
combination of conditions that virtually abolished bacterial growth in 
the parental strain and in rstA and rstB mutants. To the best of our 
knowledge, this finding has not been previously reported, and 
suggests that such combination of temperature and salinity constitutes 
a stressfful condition for this bacterium.  
We found that mutations in rstA and rstB caused impairment in 
swimming motility at 0.5% NaCl. Although the connection between 
flagellum-based motility and the RstAB system in Pdd is so far 
unknown, recent studies have provided clues on the role of RstAB-lile 
systems in bacterial motility. Thus, silencing of the rstA or rstB genes 
resulted in impaired motility, hemolysis and virulence in Vibrio 
alginolyticus (Huang et al., 2018). In Salmonella typhimurium, FlhA 
and MglB proteins involved in cell motility and chemotaxis are 
positively regulated by the RstAB system and a rstB mutant in this 
species showed a significant reduction in motility (Tran et al., 2016).  
rstA and rstB mutants cultured at 0.5% NaCl exhibit impairment in 
cell separation upon cell division, as well as enlarged cell size. These 
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mutants also exhibited increased sensitivity to benzylpenicillin and, to 
a lesser extent, to vancomycin. In agreement with our results, 
overexpression of RstA in E. coli made this bacterium more resistant 
to β-lactam antibiotics such as ampicillin (Hirakawa et al., 2003a; 
Hirakawa et al., 2003b). Similarly, E. coli rstAB mutants are 
hypersensitive to ketoprofen, pridinol, and troleandomycin, although 
the basis for these sensitivities has not been ascertained yet (Zhou et 
al., 2003). So far, the molecular mechanisms linking the RstAB 
system with antibiotic resistance and with maintenance of cell size and 
shape in P. damselae subsp. damselae remain unknown. 
Among the T2SS-dependent proteins not regulated by the RstAB 
system we found predicted sialidases and proteases, among others. 
Identifying the function of these proteins constitutes a promising 
challenge and will require additional research. Fish cells secrete 
mucus glicoproteins containing sialic acid (Kimura et al., 1994), and 
pathogenic bacteria can use sialidases to remove sialic acid residues 
from host cells and coat themselves, thus gaining resistance to 
components of the host’s innate immune response (Severi et al., 
2007). In addition, pathogenic bacteria can bind to host sialic acid 
moiety to enhance adhesion and colonization. Thus, bacteria that 
produce sialidases might have a greater ability to colonize and 
stabilize themselves in the skin, gills, scales and intestines of animals 
that secrete mucosal glycoproteins containing sialic acids. Production 
of a trans-sialidase activity has been reported in P. damselae subsp. 
damselae, although its biological significance remains uninvestigated 
(Cheng et al., 2010). In addition, production of neuraminidase activity 
has been detected in strains potentially identified as P. damselae 
subsp. damselae, isolated from fish intestines in Japan and (Sugita et 
al., 2000).  
Notably, our study has contributed to the identification of 4 hitherto 
unreported proteins belonging to the RstAB regulon, including 
plasmid-, chromosome I- and chromosome II-encoded proteins. 
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Therefore, the response regulator RstA is predicted to recognize target 
genes associated with the P. damselae subsp. damselae chromosomes 
as well as genes that have been acquired by horizontal gene transfer 
via conjugation. Notably, our study has brought to the forefront a 
number of hitherto uncharacterized, T2SS-dependent and RstAB-
dependent proteins, and there are very few studies on these except for 
the three hemolysins Dly, PhlyP and PhlyC (Kreger, 1984; Kothary 
and Kreger 1985; Rivas et al., 2011; Rivas et al., 2013b; Rivas et al., 
2015a; Vences et al., 2017). Of special interest are two genes which 
are likely cotranscribed as an operon, and encode the delta (δ)-
endotoxin VDA_002799 and an associated 11 kDa small protein, 
respectively. These two genes are inserted within a potential hot spot 
for recombination within the genome of Pdd (Terceti et al., 2018). δ-
endotoxins, also called Cry and Cyt toxins, are pore-forming toxins 
predicted to cross the cytoplasmic membrane via the twin-arginine 
(Tat) translocation pathway (Li et al., 1991; Cygler et al., 1995; 
Galitsky et al., 2001). However, the role of this putative δ-endotoxin 
in Pdd is still unknown. Last, VDA_000112 and VDA_000358 are 
T2SS- and RstAB-dependent uncharacterized proteins encoded within 
plasmid pPHDD1 and chromosome II respectively (Fig. 7). Surely all 
these proteins will deserve an in-depth characterization in future 
studies.  
rstAB genes are considered to be part of the PhoP/PhoQ regulon (a 
Mg
2+
-sensing two-component system) (Oshima et al., 2002; 
Ogasawara et al., 2007). While some evidence suggests that the 
RstAB system might respond to acidic conditions (Ogasawara et al., 
2007; Huang et al., 2017), the specific stimuli that trigger the 
activation of the sensor histidine kinase RstB remain unknown for all 
the RstAB-like systems studied to date (Ogasawara et al., 2007; 
Campbell et al., 2007; Flamez et al., 2008; Bilecen and Yildiz., 2009; 
Menanteau-Ledouble and Lawrence, 2013; Tran et al., 2016; Huang et 
al., 2018). In contrast, a number of genes and biological functions 
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under control of the RstAB system have been identified, 
demonstrating that the RstAB regulon is not predictive since it shows 
a high diversity among species. Functions regulated by homologous 
RstAB systems are as varied as pyrimidine metabolism, enterobactin 
biosynthesis, ferrous iron uptake and motility in Salmonella enterica 
(Tran et al., 2016), polysaccharide synthesis, biofilm formation, LPS 
modification in Vibrio cholerae (Bilecen and Yildiz, 2009; Herrera et 
al., 2014), or adhesion, biolfilm production, motility and hemolysis in 
Vibrio alginolyticus (Huang et al., 2017), among others. 
This study has contributed to the knowledge of the bacterial RstAB 
regulon with a number of novel genes and functions. In addition, we 
here demonstrated that the RstAB regulon of Pdd RM-71 comprises 
genes of differential presence among strains, and no geographical or 
isolation source patterns could be identified. To summarize, the 
RstAB TCS plays a major role in regulation of virulence and of many 
aspects of cell physiology of P. damselae subsp. damselae. Ongoing 
studies are expected to unveil the roles of the novel RstAB-regulated 
genes reported in this study. 
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Figure 1. Hemolysis of sheep blood agar plates, lecithin degradation 
(phospholipase activity) and gelatin degradation (collagenase activity) 
phenotypes of P. damselae subsp. damselae parental strains RM-71 
and LD- 7, an  their mutant  erivatives ΔrstA an  ΔrstB mutant. 
Scale bar, 1 cm. 
 
Figure 2. Mortality (%) of sea bass fish intraperitoneally challenged 
with two different doses (10
4
 CFU/fish and 10
3
 CFU/fish) of the P. 
damselae subsp. damselae parental strain (RM-71) and the ΔrstA and 
ΔrstB mutants. For each dose assayed, a total of 10 fish were 
inoculated.  
 
Figure 3. (A) Growth curves, and (B, C) swimming motility 
phenotypes of RM-71, rstA and rstB mutants at three different 
temperatures (15, 25 and 37ºC) in TSB medium with 0.5% or with 1% 
NaCl.  
 
Figure 4. Scanning electron microscopy of P. damselae subsp. 
damselae parental strain RM-71, ΔrstA and ΔrstB mutants. Note the 
enlarged cell size of the mutants, which also form chain-like structures 
likely due to an impairment in daughter cell separation upon cell 
division.  
 
Figure 5. E-tests for benzylpenicillin and vancomycin sensitivity, 
showing an increased sensitivity in both the rstA and the rstB mutants 




Figure 6. A: Representative SDS-PAGE of culture supernatants from 
RM-71
WT
, ∆rstA, ∆rstB,  ∆ (triple mutant for dly, hlyApl and hlyAch 
hemolysin genes) an  ∆epsL (defective in T2SS) strains. The 
identified protein bands are denoted with numbers 1 to 12. Bands used 
for identification were excised from different gels. B: SDS-PAGE 
analysis of culture supernatants from RM-71
WT
, ∆hlyAch, ∆hlyApl, 
∆dly, ∆hlyAch∆hlyApl, ∆hlyAch∆dly, ∆hlyApl∆dly an   ∆ (triple 
mutant). Comparative analysis of the protein profiles shows that band 
4 corresponds to Dly and band 5 to PhlyP+PhlyC. C: Identification 
(gene barcodes) and characteristics of the T2SS-dependent proteins 
identified in this study, including those who also are RstAB-regulated.  
 
Figure 7: Genetic context of the genes encoding the proteins 
identified in figure 6. Genomic location of the gene (i.e, chromosome 
I, II, or pPHDD1 plasmid is indicated).  
 
Figure 8: Diagramm depicting the presence of rstAB genes, plus 
genes of the RstAB regulon, in 83 P. damselae subsp. damselae 
strains isolated from different geographical locations and from 
different hosts including marine animals and humans.  
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a Cmr, chloramphenicol resistance; Kmr, kanamycin resistance: Emr, erythromycin resistance; Tcr, tetracycline resistance; Ampr, ampicillin resistance; ∆, gene deletion 
Strain or plasmid Descriptiona Reference/Source 
Strains   
P. damselae subsp. 
damselae 
  
RM-71 Isolated from turbot;  pPHDD1-harboring strain Fouz et al., 1992 
MT151 RM-71∆rstB Terceti et al., 2017 
MT319 RM-71∆rstA This study 
MT157 MT151 with prstAB (complemented mutant); Cmr Terceti et al., 2017 
MT245 MT319 with prstAB (complemented mutant); Cmr This study 
LD-07 Isolated from Gilthead seabream; not carrier of pPHDD1 Vera et al., 1991 
MT341 LD-07∆rstA This study 
MT340 LD-07∆rstB This study 
AR217 RM-71∆epsL Rivas et al., 2015b 
AR129 RM-71∆hlyAch Rivas et al., 2013b 
AR133 RM-71∆hlyApl Rivas et al., 2011 
AR64 RM-71∆dly Rivas et al., 2011 
AR158 RM-71∆hlyApl∆hlyAch Rivas et al., 2013b 
AR119 RM-71∆dly∆hlyAch Rivas et al., 2013b 
AR78 RM-71∆dly∆hlyApl Rivas et al., 2011 
AR89 (3∆) RM-71∆dly∆hlyApl∆hlyAch (also dubbed here 3∆) Rivas et al., 2013b 
E. coli   
DH5α Cloning strain Laboratory stock 
S17-1-λpir RP4-2 (Km::Tn7,Tc::Mu-1) pro-82 λpir recA1 endA1 thiE1 hsdR17 creC510 Herrero et al., 1990 
Β-3914 F- RP4-2-Tc::Mu ∆dapA::(erm-pir) gyrA462 zei-298::Tn10 (Kmr Emr Tcr) Le Roux et al., 2007 
Plasmids   
pLOFKm Tn10-based delivery plasmid; Kmr Herrero et al., 1990 
pMRB24 Cloning vector, mob, Cmr Le Roux et al., 2011 
prstAB pMRB24 with rstAB genes; Cmr Terceti et al., 2017 
pNidkan Suice vector derived from pCVD442: Kmr Mouriño et al., 2004 




Table 2.  Oligonucleotides used in this study. 
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ST-1/ Seatrout/ Jay Grimes
ATCC 33539/ Damselfish/ Love et al., 1981
CDC-2227-81/ Human/ Kreger, 1984
192/ Dolphin/ NA
238/ Dolphin/ NA
ATCC 35083/ Brown shark/ Grimes et al., 1984
9FT1M-3/ Shark/ Jay Grimes
RG-91/ Turbot/ Fouz et al., 1992
RM-71/ Turbot/ Fouz et al., 1992
RG-153/ Turbot/ Fouz et al., 1992
RG-214/ Turbot/ Fouz et al., 1992
309/ Mussel/ NA
TW250.03/ Gilthead seabream/ Rivas et al., 2014
TW462.02.1/ Gilthead seabream/ Rivas et al., 2014
AZ245.1/ Turbot/ Rivas et al., 2014
AZ247.1/ Turbot/ Rivas et al., 2014
USC-Viro-1/ Turbot/ Rivas et al., 2014
LD-07/ Gilthead seabream/ Vera et al., 1991
ACR208.1/  Turbot/ Rivas et al., 2014
ACRp72.1/  Turbot/ Rivas et al., 2014
162/ Eel/ NA
158/ Eel/ NA
940804-1.1/ Rainbow trout/ Pedersen et al., 1997
940804-1.2/ Rainbow trout/ Pedersen et al., 1997
940804-2.1a/ Rainbow trout/ Pedersen et al., 1997
940804-2.3/ Rainbow trout/ Pedersen et al., 1997
940804-2.4/ Rainbow trout/ Pedersen et al., 1997
940804-2.5a/ Rainbow trout/ Pedersen et al., 1997
950810-3.2/ Rainbow trout/ Pedersen et al., 1997
950810-3.4/ Rainbow trout/ Pedersen et al., 1997
950810-3.5/ Rainbow trout/ Pedersen et al., 1997
950823-1.3b/ Rainbow trout/ Pedersen et al., 1997
950823-1.5/ Rainbow trout/ Pedersen et al., 1997
950825-2.4a/ Rainbow trout/ Pedersen et al., 1997
950828-1.3/ Rainbow trout/ Pedersen et al., 1997
950901-2.2b/ Rainbow trout/ Pedersen et al., 1997
950901-2.5b/ Rainbow trout/ Pedersen et al., 1997
206308-4/ Rainbow trout/ Pedersen et al., 2009
206306-2/ Rainbow trout/ Pedersen et al., 2009
206328-2/ Rainbow trout/ Pedersen et al., 2009 
206306-6/ Raibow trout/ Pedersen et al., 2009
206328-5/ Rainbow trout/ Pedersen et al., 2009
206303-14/ Rainbow trout/ Pedersen et al., 2009
206302-7/ Rainbow trout/ Pedersen et al., 2009
206320-5/ Rainbow trout/ Pedersen et al., 2009
206276-1/ Rainbow trout/ Pedersen et al., 2009
206302-2/ Rainbow trout/ Pedersen et al., 2009
206266-1/ Rainbow trout/ Pedersen et al., 2009
206317-1/ Rainbow trout/ Pedersen et al., 2009
206303-1/ Rainbow trout/ Pedersen et al., 2009
206308-1/ Rainbow trout/ Pedersen et al., 2009
206352-6/ Rainbow trout/ Pedersen et al., 2009
206351-4/ Rainbow trout/ Pedersen et al., 2009
154dp/ Seabass/ Terceti et al.,  2016
164dp/ Seabass/ Terceti et al.,  2016
144bp/ Seabass/ Terceti et al.,  2016
162bp/ Seabass/ Terceti et al.,  2016
158dp/ Seabass/ Terceti et al.,  2016
189bp/ Seabass/ Terceti et al.,  2016
82dy/ Seabass/ Terceti et al.,  2016
64bp/ Seabass/ Terceti et al.,  2016
156dp/ Seabass/ Terceti et al.,  2016
125dy/ Seabass/ Terceti et al.,  2016
70dps/ Seabass/ Terceti et al.,  2016
164dpbuy/ Seabass/ Terceti et al.,  2016
111bp/ Seabass/ Terceti et al.,  2016
89dp/ Seabass/ Terceti et al.,  2016
PG801/ Shrimp/ Song et al., 1993
J3G801/ Shrimp/ Song et al., 1993
80077637/ Human / Hundenborn et al., 2013
9FT2B-2/ Shark/ Jay Grimes
RS78SPL1/ Red snapper/ Jay Grimes
DCL 1.2/ Seabream/ Vences et al., 2017
DCL 4.1/ Seabream/ Vences et al., 2017
DCL 7.1/ Seabream/ Vences et al., 2017
DCL 7.3/ Seabream/ Vences et al., 2017
DCL 8.1/ Seabream/ Vences et al., 2017
DCL 9.1/ Seabream/ Vences et al., 2017


















RI162/ Turbot/ Fouz et al., 1992
RG-191/ Turbot/ Fouz et al., 1992




























































WP 104029101.1 HAMP domain-containing protein Vibrio jasicida
KIF53705.1 histidine kinase Vibrio owensii CAIM 1854 LMG 25443
WP 045496017.1 HAMP domain-containing protein Vibrio hyugaensis
PQJ49393.1 two-component sensor histidine kinase Vibrio campbellii
AWB02174.1 HAMP domain-containing protein Vibrio harveyi
PIB13049.1 histidine kinase Vibrio rotiferianus CAIM 577 LMG 21460
EDN58705.1 Signal transduction histidine kinase Vibrio antiquarius
RCW22838.1 two-component system sensor histidine kinase RstB Vibrio parahaemolyticus
AVH29565.1 two-component sensor histidine kinase Vibrio diabolicus
GAD68812.1 putative two-component histidine kinase Vibrio proteolyticus NBRC 13287
AMG09909.1 two-component sensor histidine kinase Vibrio vulnificus
KGK13995.1 histidine kinase Vibrio navarrensis
KYN89268.1 histidine kinase Vibrio cidicii
CED71731.1 sensor protein histidine kinase Aliivibrio wodanis
PSV56883.1 HAMP domain-containing protein Photobacterium profundum
OEE78470.1 two-component sensor histidine kinase Vibrio genomosp. F6 str. FF-238
RBW63753.1 two-component sensor histidine kinase Vibrionales bacterium C3R12
OEE47857.1 two-component sensor histidine kinase Vibrio ordalii FF-93
ANJ22803.1 two-component sensor histidine kinase Vibrio anguillarum
ASU22180.1 two-component sensor histidine kinase Vibrio qinghaiensis
KOE82524.1 histidine kinase Vibrio alginolyticus
EEW05147.1 sensor histidine kinase Vibrio mimicus VM603
KQA19759.1 histidine kinase Vibrio metoecus
EEO04508.1 signal transduction histidine kinase Vibrio albensis VL426
NP 230963.1 sensor histidine kinase Vibrio cholerae O1 biovar El Tor str. N16961
WP 089124553.1 HAMP domain-containing protein Vibrio algivorus
EEZ39580.1 signal transduction histidine kinase Photobacterium damselae subsp. damselae CIP 102761
OLQ79387.1 two-component sensor histidine kinase Photobacterium damselae subsp. piscicida
ANW22749.1 two-component sensor histidine kinase Vibrio coralliilyticus
KJY94255.1 histidine kinase Vibrio neptunius
WP 076587714.1 HAMP domain-containing protein Vibrio ostreicida
EAP95686.1 sensor histidine kinase Vibrio splendidus 12B01
EGU54544.1 sensory histidine kinase in two-component regulatory system with RstA Vibrio tubiashii ATCC 19109
OAN00479.1 two-component sensor histidine kinase Vibrio europaeus
PSU46232.1 two-component sensor histidine kinase Photobacterium frigidiphilum
PSX12121.1 two-component sensor histidine kinase Photobacterium angustum
NP 416126.1 sensory histidine kinase of RstAB two-component system Escherichia coli str. K-12 substr. MG1655
CXA48774.1 sensor protein RstB Salmonella enterica subsp. enterica serovar Typhi















































Fig. S2 (cont.) 
 
WP_010318353.1 DNA-binding response regulator [Vibrio ordalii]
ASU22181.1 DNA-binding response regulator [Vibrio qinghaiensis]
AQM02529.1 DNA-binding response regulator [Vibrio anguillarum]
WP_053309869.1 DNA-binding response regulator [Vibrio alginolyticus]
WP_025674509.1 DNA-binding response regulator [Salinivibrio socompensis]
OOF21912.1 DNA-binding response regulator [Salinivibrio proteolyticus]
AOW82702.1 DNA-binding response regulator [Vibrio mimicus]
PAR25067.1 DNA-binding response regulator [Vibrio metoecus]
NP_230964.1 DNA-binding response regulator [Vibrio cholerae O1 biovar El Tor str. N16961]
EEO04509.1 DNA-binding response regulator [Vibrio albensis VL426]
WP_028025716.1 DNA-binding response regulator [Enterovibrio calviensis]
WP_016962489.1 DNA-binding response regulator [Enterovibrio norvegicus]
WP_043008231.1 DNA-binding response regulator [Vibrio coralliilyticus]
WP_076588102.1 response regulator [Vibrio ostreicida]
WP_009599722.1 DNA-binding response regulator [Vibrio caribbeanicus]
EAP95685.1 DNA-binding response regulator [Vibrio splendidus 12B01]
OAJ96274.1 two-component system response regulator [Vibrio bivalvicida]
EGU54545.1 transcriptional regulator [Vibrio tubiashii ATCC 19109]
OAN00480.1 DNA-binding response regulator [Vibrio europaeus]
WP_032081369.1 DNA-binding response regulator [Vibrio fluvialis]
EEZ39581.1 DNA-binding response regulator [Photobacterium damselae subsp. damselae CIP 102761]
OLQ79386.1 DNA-binding response regulator [Photobacterium damselae subsp. piscicida]
WP_039627017.1 DNA-binding response regulator [Vibrio sinaloensis]
WP_038214050.1 DNA-binding response regulator [Vibrio variabilis]
WP_005597733.1 DNA-binding response regulator [Vibrio scophthalmi]
OLQ95237.1 DNA-binding response regulator [Vibrio panuliri]
PSU46231.1 DNA-binding response regulator [Photobacterium frigidiphilum]
SMY16269.1 Transcriptional regulatory protein RstA [Photobacterium aquimaris]
CDT54008.1 Transcriptional regulatory protein rstA [Vibrio crassostreae]
OEF14826.1 DNA-binding response regulator [Vibrio kanaloae 5S-149]
PAO35703.1 DNA-binding response regulator [Vibrio vulnificus]
KYN23948.1 two-component system response regulator [Vibrio cidicii]
EDL68089.1 response regulator [Vibrio campbellii HY01]
WP_104034382.1 DNA-binding response regulator [Vibrio jasicida]
YP_004250888.1 Putative transcriptional regulatory protein rstA (plasmid) [Vibrio nigripulchritudo]
WP_006232317.1 DNA-binding response regulator [Photobacterium profundum]
CED71732.1 two component transcriptional regulator [Aliivibrio wodanis]
OEE78469.1 DNA-binding response regulator [Vibrio genomosp. F6 str. FF-238]
WP_096994529.1 DNA-binding response regulator [Vibrio thalassae]
PSU09394.1 DNA-binding response regulator [Photobacterium ganghwense]
PSW16726.1 DNA-binding response regulator [Photobacterium rosenbergii]
SSI44848.1 DNA-binding transcriptional regulator RstA [Klebsiella pneumoniae]
PZE10946.1 DNA-binding response regulator [Pseudomonas sp. 57B-090624]
NP_416125.2 response regulator of RstAB two-component system [Escherichia coli str. K-12 substr. MG1655]















































3.5. Article 5 (Results not yet published) 
 Evidence of Interaction Between VarAS and RstAB Systems in the 
Regulation of the Hemolytic Activity of Photobacterium damselae 
subsp. damselae. 
 
In this section we describe the partial results obtained in this doctoral 
thesis that have not yet been published because they require additional 
experimental studies in order to elucidate the various unknowns 
generated from these results. The hemolysis-regulating systems of .P. 
damselae subsp. damselae have been shown to constitute an extremely 
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Photobacterium damselae subsp. damselae produces three cytotoxins, 
Damselysin, Phobalysin P and Phobalysin C, whose expression is 
positively regulated by the two-component system RstAB. Mutations 
in rstA or rstB genes impair hemolysin gene expression. Here we 
subjected single rstA and rstB mutants to transposon mutagenesis, and 
found that transposon insertions within a putative histidine kinase 
gene varS caused a partial recovery of hemolysis in the single rstB 
mutant. However, transposon mutagenesis of the rstA mutant did not 
yield revertants for hemolytic activity. Recovery of hemolysis was 
observed in rstBvarS double mutants constructed by allelic exchange, 
but not in rstAvarS mutants. A candidate response regulator gene 
varA, predicted to be the cognate pair of varS, was identified in the 
genome of strain RM-71. Deletion of varA also caused partial 
recovery of hemolytic activity in combination with deletion of rstB, 
but not in combination with rstA. The posible interactions between the 
RstAB and VarAS systems, and the effect of mutations in additional 




The pathogenicity of P. damselae subsp. damselae is attributed to the 
production of up to four different toxins (Osorio et al., 2018). Strains 
harboring the virulence plasmid pPHDD1 produce Damselysin (Dly) 
and Phobalysin P (PhlyP) (Rivas et al., 2011), in addition to the toxins 
encoded by chromosome I, Phobalysin C (PhlyC) and phospholipase 
(PlpV) (Vences et al., 2017). Thus, strains lacking pPHDD1 produce 
only PhlyC and PlpV. Recently, we demonstrated that the two-
component regulatory system (TCS) RstAB has a fundamental role in 
the regulation of hemolytic activity, phospholipase activity, swimming 
motility, ampicillin sensitivity, maintenance of cell morphology, and 
virulence of this pathogen (Terceti et al., 2017; Terceti et al., 2018b- 
to submit). It has also been shown that the RstAB system does not 
itself regulate the expression of PlpV and collagenase (ColP) in P. 
damselae subsp. damselae plasmidless strain LD-07 (Terceti et al., 
2018b- to submit). In addition, we know that this system regulates the 
expression of several proteins dependent on the type II secretion 
system (T2SS) (Terceti et al., 2018b- to submit). The RstAB 
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regulatory system seems to be ubiquitous in all strains of P. damselae 
subsp. damselae, which makes this target system of interest since it 
could be a weak point to control infections caused both by plasmid as 
well as plasmidless strains. In this study, our objective was to search 
for new regulatory genes related to the hemolytic activity of P. 
damselae subsp damselae that could interact or not with the RstAB 
system. 
 
Materials and Methods 
Bacterial Plasmids, Strains, and Culture Conditions. The bacterial 
strains and plasmids used in this study are listed in Table 1. P. 
damselae subsp. damselae cells were grown at 25°C on tryptic soy 
agar (TSA) and broth (TSB) supplemented with NaCl up to 1% (TSA-
1 and TSB-1, respectively) and supplemented with antibiotics when 
appropriate. E. coli was grown at 37°C in Luria-Bertani (LB) broth or 
LB agar. When necessary, kanamycin (Km) were used at the 




Hemolysis and motility assays. Hemolysis assays on agar plates were 
conducted by picking a colony of each isolate previously grown on 
TSA-1, and inoculating it on sheep blood agar plates (Oxoid) and 
grown at 25°C. Motility assays were carried out using motility agar, 
which consisted of TSB (with either 0.5 or 1% NaCl) supplemented 
with 0.25% bacteriological agar and ampicillin, when appropriate. For 
this assay, a single colony isolated from an 18-h culture agar plate for 
each strain was picked with a sterile plastic tip, and the tip was 
stabbed into the motility agar. They were incubated at 15°C. For 
hemolysis and motility assays, pictures were taken at 24h post 
inoculation of the plates. Experiments were repeated three times to 
ensure that the hemolytic haloes and motility radius of the strains were 
reproducible. 
MIC assays. To determine the susceptibility to benzylpenicillin, 
exponentially grown cultures of P. damselae subsp. damselae isolates 
were adjusted to an OD600 of 0.5 and seeded onto TSA-1 plates in the 




Assays for phospholipase. The phospholipase activity was assayed 
using agar plates supplemented with egg yolk emulsion as a lecithin 
source. 10 µl of TSB-1 overnight cultures for each P. damselae subsp. 
damselae strain were spotted onto TSA-1 plates supplemented with 
3% egg yolk extract (Oxoid), and results were evaluated after 24 h of 
culture at 25ºC. Hydrolysis of lecithin by the phospholipase yields 
water-insoluble diglycerides that cause the appearance of an opaque 
precipitate.  
General PCR assays. Genomic DNA was routinely extracted with the 
Easy-DNA kit (Invitrogen). Relevant PCR primers used in this study 
are listed in Table 2. PCR reactions were routinely performed with 
Kapa Taq DNA polymerase (Kapa) using a T-gradient termocycler 
(Biometra). Routinely, the following thermal cycling conditions were 
used: 95ºC for 5 min, followed by 30 cycles of 95ºC for 30 s, 52.5ºC 
for 30 s and an elongation step of 1 min at 72ºC per kb. 
Mini-Tn10 mutagenesis and identification of the disrupted gene. 
With the objective of searching for direct or indirect 
repressor/activator genes of the hemolysis of P. damselae subsp. 
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damselae we decided to proceed with the random mutageneses by 
transposition against strain MT151 (ΔrstB), which producesa small 
halo of hemolysis. Thus, any transposon mutant derived from this 
strain and exhibiting a greater hemolysis halo than it, would constitute 
a major candidate for the analyses. Mini-Tn10 mutagenesis was 
performed using the suicide conjugative plasmid pLOFKm (Herrero et 
al., 1990), with minor modifications as previously described (Rivas et 
al., 2015a). Genomic DNA from the clone with impaired hemolysis, 
∆rstB, was purified with the genome DNA kit (Qbiogene), partially 
digested with BfuC1 and ligated to BamHI-digested plasmid pUC118. 
Ligation reactions were transformed into E. coli DH5α by 
electroporation (2.5 kV, 25 μF capacitance, and Pulse Controller Unit 
set to 200 Ω). Transformants were selected on LB agar plates 
supplemented with kanamycin, ampicillin and sheep blood (5%). 
Inserts containing the kanamycin resistance gene of mini-Tn10 plus 
flanking chromosomal DNA, were amplified by PCR and sequenced. 
DNA sequences were obtained using a capillary DNA Sequencer ABI 
3730xl (Applied Biosystems). 
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Strains   
P. damselae subsp. damselae  
RM-71 Isolated from turbot;  pPHDD1-harboring Fouz et al., 1992 
MT151 RM-71∆rstB Terceti et al., 2017 
MT319 RM-71∆rstA Terceti et al., 2018b 
MT160 MT151  broken gene not yet identified ::Tn10 ( revertant hemolysis) This study 
MT161 MT151  broken gene not yet identified ::Tn10 ( revertant hemolysis) This study 
MT164 MT151  broken gene not yet identified ::Tn10  ( revertant  motility) This study 
MT165 MT151  broken gene not yet identified ::Tn10 ( revertant  motility) This study 
MT166 MT151  broken gene not yet identified ::Tn10 ( revertant  motility) This study 
MT162 MT151 varS ::Tn10 ( revertant hemolysis) This study 
MT170 RM-71∆varS This study 
MT257 RM-71∆varA This study 
MT236 RM-71∆varA∆varS This study 
MT358 RM-71∆rstA∆varA This study 
MT255 RM-71∆rstA∆varS This study 
MT350 RM-71∆rstB∆varA This study 
MT351 RM-71∆rstB∆varS This study 
MT235 RM-71∆rstA∆varA∆varS  This study 
MT231 RM-71∆rstB∆varA∆varS  This study 
MT209 RM-71∆luxO This study 
MT211 RM-71∆luxO∆rstB This study 
MT203 RM-71∆luxO ∆varS This study 
MT317 RM-71∆luxO∆rstB∆varA This study 
MT212 RM-71∆luxO∆rstB∆varS This study 
MT107 RM-71∆toxR This study 
MT172 RM-71∆toxR∆varS This study 
MT242 RM-71∆phoP This study 
MT261 RM-71∆rstB ∆phoP This study 
E. coli   
DH5α Cloning strain Laboratory stock 
S17λpir RP4-2 (Km::tn7,Tc::Mu-1) pro-82 v Herrero et al., 1990 
Β-3914 F-RP-2TC::Mu; ∆dapA:: (erm-pir) gyA462 zei-298::Tn10 Le Roux et al., 2007 
Plasmids   
pLOFKm Tn10-based delivery plasmid; KmR Herrero et al., 1990 
pNidkan Suice vector derived from pCVD442: KmR Mouriño et al., 2004 
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rstA deletion    
1-2 fragment    
rstA-mut1-xbal-F GCTCTAGAGGCTATAATCCAAACAATGG 1968 Terceti et al., 2018b 
rstA-mut2-smaI-R GCCCCGGGTTAACTAAAGAATTACGTGG   
3-4 fragment    
rstA-mut3-smaI-F GCCCCGGGTTACCGTCAGAATGTGTTTG 1957 Terceti et al., 2018b 
rstA-mut4-apaI-R GCGGGCCCCCTTTATCCATATCAATTCC   
internal    
rstA-intF CTTATTATCAATGGTTCTGT variable Terceti et al., 2018b 
rstA-intR TTGGCTGTATAAGAACCATG   
varA  deletion    
1-2 fragment    
varA-mut1-smaI-F CGCCCGGGCTATGTTATCTATTTCATTT 1982 This study 
varA-mut2-pstI-R CGCTGCAGAACAGCTATCGTTACCGTCT   
3-4 fragment    
varA-mut3-pstI-F CGCTGCAGCGGCTTCCCCTACCACTTTA 2019 This study 
varA-mut4-apaI-R CGGGGCCCATCAACAGGGCGGTGTAGCA   
internal    
varA-int-F ACGTCTCTGTGTCTAACATA variable This study 
varA-int-R TATTCCTTGTAGATGATCAC   
varS deletion    
1-2 fragment    
varS-mut1-xbal-F CGTCTAGATATGGTATCGACTTTCTTCA 1824 This study 
varS-mut2-smaI-R CGCCCGGGTGAAGAGCACATTCTACAAC   
3-4 fragment    
varS-mut3-smaI-F CGCCCGGGATGGGGACCAAATTGCCCTT 1986 This study 
varS-mut4-apaI-R CGGGGCCCCATACAGCTAATTCAAACTT   
internal    
varS-int-F CATTATCACCACACATCACT variable This study 
varS-int-R GCCTTTAGTCAAGCAGATGC   
luxO deletion    
1-2 fragment    
LuxO_mut1_xbal GCTCTAGATTAGAATCTCGCCGTAAGCA 1958 This study 
LuxO_mut2_smaI GCCCCGGGCTCGGCATTTGATTTGTGTT   
3-4 fragment    
luxO_mt3_smal GCCCCGGGCGAATATTGCAGACACTGTT 1995 This study 
luxO_mut4_ApaI GCGGGCCCCATTTATGACAATTCACTCA   
internal    
luxO_int_F ACGTCTTCCTGATATGACCG variable This study 
luxO_int_R CAATCCACAGCGGCTCAATT   
t oxR deletion    
1-2 fragment    
toxR_1_BamHI GCGGATCCATTGCACTTCTGGCGCTTCT 2057 This study 
toxR_2_PstI GCCTGCAGTCGCTCCTGGTTCATCAATC   
3-4 fragment    
toxR_3_PstI GCCTGCAGATCCCTCTGGCAAGTTACTT 2021 This study 
toxR_4_EcoRI GCGAATTCGTCGATTGACAAGATTGAGT   
internal    
toxR_int_F TAGCTTAATTGACACAGTTG variable This study 
toxR_int_R CTCCTGCTGGTGGTTATCTA   
phoP deletion    
1-2 fragment    
phoP_mut1_xbal CGTCTAGAAGATGGACTTAGACCGCGCA 1978 This study 
phoP_mut2_EcoR CGGAATTCACGAAAGAAATTCACTAAGA   
3-4 fragment    
phoP_mut3_EcoRI CGGAATTCTGGTTTCCTAGCTCGCTAAG 1988 This study 
phoP_mut4_SaLI CGGTCGACGAAACTGTGTCGTGAACATT   
internal    







Allelic-exchange deletion mutant construction. Nonpolar deletions 
of varA, varS, phoP, luxo and toxR genes were constructed using PCR 
amplification of the amino- and carboxy-terminal fragments of each 
gene, which, when fused together, would result in an in-frame deletion 
of more than 90% of the coding sequence. The primers used in are 
described in the table 2. Amplification was carried out using Hi-
Fidelity Kapa Taq (Kapa). Allelic exchange was performed using the 
Km
R
 suicide vector pNidKan containing the sacB gene, which confers 
sucrose sensitivity, and R6K ori, which requires the pir gene product 
for replication. The plasmid constructs containing the deleted alleles 
were transferred from E. coli S17-1-λpir into RM-71 strain. After 
conjugation for 48 h on TSA plates prepared with seawater, cells were 
scraped off the plate and resuspended in TSB-1. Next, 100-μl aliquots 
of serial decimal dilutions were spread on Thiosulfate citrate bile salts 
sucrose (TCBS) agarand subsequently selecting for sucrose resistance 
(15% [wt/vol]) for a second recombination event. This led to the P. 
damselae subsp. damselae mutant strains describedin this study in 
Table 1. The absence of the deleted alleles was confirmed in each case 
166 
 
by PCR, and the genome region involved in the deletion was 
sequenced to verify that the deletion was nonpolar. To better 
understand the relationship between the two-component system 
VarAS and RstAB we proceeded to the construction of double and 
triple mutants combining genes from these two systems (Table 1). 
 
Results and Discussion 
Evidence of interaction between the two-components VarAS and 
RstAB in the regulation of the hemolytic activity of 
Photobacterium damselae subsp. damselae 
In a previous study we demonstrated that deletion of the rstB gene in 
P. damselae subsp. damselae RM-71 to yield mutant strain MT151 
(ΔrstB), considerably decreased the hemolytic halo on sheep blood 
agar when compared to parental strain and that it also strongly 
decreased virulence in a sea bass fish model (Terceti et al., 2017). We 
also reported that the deletion of its cognate gene rstA of the two-
component RstAB system, to yield mutant strain MT319 (RM-
71ΔrstA), also caused a reduced hemolytic halo similar to that of 
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mutant strain MT151 (Terceti et al., 2018b- to submit). In addition, we 
have shown that the MT151 and MT319 strains show motility affected 
at 0.5% NaCl (Terceti et al., 2017; Terceti et al., 2018b- to submit). In 
an attempt to find new direct or indirect regulatory genes for 
hemolysis in P. damselae subsp. damselae, we selected the deletion 
mutant for rstB gene (strain MT151) and subjected it to random 
transposon mutagenesis with mini-Tn10. We hypothesized that some 
mutants might exhibit a recovery of the hemolytic activity due to the 
mutagenesis of potential repressors. Among the thousands of colonies 
(MT151::tn10) analyzed in sheep blood agar, we observed that 3 
colonies partially recovered the hemolytic activity (Fig. 1A) although 
they remained affected in swimming motility when grown at 0.5% 
NaCl (Fig. 1B). These three transposon mutants with partial recovery 
of hemolysis were named MT160, MT161 and MT162. The 
transposon mutants MT160 and MT161 have not yet been analyzed 
for the identification of the truncated gene. 
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MT160  (MT151 gene1?::Tn10)
MT161 (MT151 gene2?::Tn10)











Figure 1. Transposon-mutagenized clones (MT151::tn10) that 
partially recovered hemolytic activity (A) but not motility (B). 
 
 
We also searched for transposition mutants that recovered motility at 
0.5% NaCl (MT164, MT165 and MT166, Table 1), but the truncated 
gene has not yet been identified, so they are available for future 
studies. Notably, motility revertants did not revert for hemolysis (data 
not shown). After sequencing the transposon-truncated gene in 
MT162 strain, we identified that mini-Tn10 had inserted within locus 
VDA_001267. This locus corresponds to varS gene, which was thus 
initially considered responsible for the revertance of hemolytic 
activity observed in clone MT162 (ΔrstB::tn10/ΔvarS). The VarS 
protein is a membrane sensor of the VarAS two-component system 
and was first identified as a virulence factor in Vibrio cholerae by 
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Wong et al. (1998). We further searched the genome of the P. 
damselae subsp. damselae type strain CIP102761 to find the candidate 
gene encoding the homologue of VarA protein, the putative cognate 
response regulator of VarS. As a result, we found a candidate gene 
encoded by locus VDA_002274. This gene showed to be also present 
in the genome of RM-71 strain.  So far there is no information in the 
scientific literature about the function of the VarAS system in the 
genus Photobacterium. There is indeed a wide variety of VarAS 
homologues in Gram-negative bacteria. For example, GacA/GacS in 
the genus Pseudomonas (Laville et al., 1992; Rich et al., 1994; Rahme 
et al., 1997), BarA/UvrY in Escherichia coli (Moolenaar et al., 1987), 
BarA/SirA in Salmonella typhimurium (Johnston et al., 1996) and 
LetA/LetS in Legionella pneumophila (Molofsky and Swanson, 2004, 
Bachman et al., 2004). In order to confirm that the reverted hemolytic 
phenotype of MT162 (ΔrstB::tn10/varS) was indeed due to a mutation 
in varS gene, we constructed by allelic exchange the double mutant 
MT351 (ΔrstBΔvarS) which also showed recovery of hemolysis (Fig 
2A). This result suggests that the two-component VarAS system is 
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some what related to the RstAB system since the mutant strain MT151 
(ΔrstB), which has low hemolysis, showed increased hemolysis when 
the transposon was inserted into the varS gene of MT151. In order to 
better understand the relationship between the RstAB and VarAS 
systems, we proceeded to construct several mutants combining 
deletion of genes from the two systems (Fig. 2) and further evaluated 
these mutants for hemolysis, phospholipase activity, motility at 0.5% 
and 1% NaCl and sensitivity to ampicillin (Fig. 2). Would mutant 
strains MT350 (ΔrstBΔvarA), MT255 (ΔrstAΔvarS) and MT358 
(ΔrstAΔvarA) also be revertant for hemolysis? (Fig.2A). Would also 
recover phospholipase activity? (Fig.2B). And swimming motility at 
0.5% NaCl? (Fig 2D). We demonstrated in a previous study that P. 
damselae subsp. damselae mutant strains with a deletion in the rstA or 
rstB gene became sensitive to ampicillin. Would MT351, MT350, 
MT255 and MT358 strains recover the ampicillin resistance levels of 
parental strain? (Fig. 2E). Interestingly, only the mutant strains 
MT351 (ΔrstBΔvarS), MT350 (ΔrstBΔvarA) were revertants for 
hemolytic activity and phospholipase activity (Fig. 2A, 2B and Fig. 3). 
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The MT257 (ΔvarA), MT170 (ΔvarS) and MT236 (ΔvarAΔvarS) 
mutant strains, presented hemolytic haloes similar to the parental 
strain RM-71
wt
 (Fig.2A). The hemolysis activity of the triple mutants 
MT235 (ΔrstAΔvarAΔvarS) and MT231 (ΔrstBΔvarAΔvarS) was low 
(Fig. 3A). In most of the evaluated mutants, there was a correlation 
between the presence of hemolytic halo and presence of opaque halo 
in egg yolk medium that is the result of phospholipase activity exerted 
by Dly phospholipase (Fig. 2). This relationship is not true for the 
triple mutant MT255 (ΔrstBΔvarAΔvarS) that shows no evident 
hemolytic activity in sheep blood, but has phospholipase activity (Fig. 
2A, B and Fig. 3). None of the mutant combinations had their motility 
affected at 1% NaCl (Fig. 2C). However, at 0.5% NaCl, all mutants 
that had deletion of the rstA or rstB gene had their motility 
compromised, even in the mutant strains MT350 (ΔrstBΔvarA) and 




Figure 2. Phenotypes of mutant strains derived from combined 






, MT257 (ΔvarA), MT170 (ΔvarS) and MT236 
(ΔvarAΔvarS) strains exhibited some degree of motility at 0.5% NaCl, 
this was done more efficiently at 1% NaCl (Fig. 2C). These results 
suggest that the two-component system RstAB of P. damselae subsp. 
damselae contributes to the osmotic balance of this bacterium and that 
the VarAS two-component system does not directly interfere with the 
motility of this pathogen since the mutants MT257 (ΔvarA), MT170 
(ΔvarS) and MT236 (ΔvarAΔvarS) have motility haloes similar to 
wild type strain RM-71
wt 
under both culture conditions of 0.5% and 
1% NaCl (Fig 2C; 2D). In a previous study we reported that the cell 
morphology of mutant strains MT151 (ΔrstB) and MT319 (ΔrstA) 
cultured 0.5% NaCl exhibited deformed cells, larger and swollen cells 
and often connected to each other, forming elongated structures, likely 
due to a difficulty indaughter cell separation during the cell division 
cycle (Terceti et al., 2018b- to submit). Here we demonstrate that all 
combinations of mutants that had deletion of the rstA or rstB gene also 
have impaired cell morphology (Fig.4). In addition, we demonstrated 
that mutant strains MT350 and MT351, which reverted in hemolysis 
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activity, do not recover their normal cell morphology (Fig.4). These 
results suggest once again that the two-component RstAB system 
contributes to the osmotic balance of P. damselae subsp. damselae 
and that probably the motility affected in 0.5% NaCl is also due to the 
deformed cells besides a possible defect in the flagellar motility 
system of this pathogen. It is interesting to note that mutant strains 
MT350 (ΔrstBΔvarA) and MT351 (ΔrstBΔvarS) of P. damselae subsp 
damselae had restoration of hemolysis and phospholipase activity, but 
not the restoration of motility and morphology at 0.5% NaCl, and did 
not recover the resistance to ampicillin. The mutants MT255 
(ΔrstAΔvarS) and MT358 (ΔrstAΔvarA) continue to have hemolytic 
and phospholipase activity reduced, motility and morphology affected 
at 0.5% and aberrant morphology. This analysis suggests that the RstA 
response regulator protein may be essential for hemolysis since in 
strains where this gene is absent there is no recovery of hemolytic 
activity. The phenotypic results presented by the P. damselae subsp. 





























Figure 3. Phospholipase activity in egg yolk medium. 
 
 
We know then that the two-component VarAS system is related in 
some way to the RstAB system. But what is the molecular basis of this 
relationship? Many bacterial pathogens utilize signal transduction 
proteins from the two-component regulatory system family to 
modulate the expression of virulence genes in response to 
environmental signals (Miller et al., 1989; Stock et al., 2000). The 
prototypical two-component system responds to a change in 
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environmental conditions by modifying gene expression and/or 
biochemical activities of the target proteins. Phosphorylation generally 
increases the affinity of a regulator for its target DNA (Gao and Stock, 
2009; Zwir et al., 2012; Zwir et al., 2014). The sensors use ATP to 
autophosphorylate in a conserved histidine residue (H) (Fig.6). 
 
Figure 4. Scanning electron microscopy analysis of P. damselae 
subsp. damselae strains cultured in TSB medium with 0.5% NaCl.
RM-71 WT MT319 (∆rstA) MT151 (∆rstB)
MT350 (∆rstB∆varA) MT351 (∆rstB∆varS) MT358 (∆rstAvarA)





Figure 5. Graphical summary of the phenotypes exhibited by mutant strains of P. damselae subsp. 
damselae evaluated in this study. The highlight in the figure represents the phenotypes in revertant 
strains. 
Hemolysis
Motility at 0.5% NaCl




















































The phosphorelay two-component system involves four phosphoryl 
transfer events. In phosphorelay TCS, an autophosphorylate sensor in 
a conserved histidine residue (H1) serves as a phosphoryl donor for a 
protein (or a domain of the same protein) that becomes 
phosphorylated in an aspartate residue (D1); in turn, donates the 
phosphoryl group to a third protein or domain, which is 
phosphorylated on a histidine  residue (H2), and finally donates the 
phosphoryl group to a regulatory protein or domain whose activity 
changes when it is phosphorylated on a residue of conserved aspartate 
(D2) (Fig.6) (Perego and Brannigan, 2001). The existence of multiple 
phosphorylated intermediates provide ample opportunities for the 
phosphate transfer process to be aborted if there are additional 
repressor stimuli (Perego and Brannigan, 2001). According to 
literature data the two-component VarAS system in other bacterial 
species is of the phosphorelay type (Vakulskas et al., 2015). Analysis 
of VarS domains of P. damselae subsp. damselae suggests that the 
VarAS system of this pathogen, is also of the phosphorelay type (Fig. 
6). In the vast majority of two-component systems, the sensor only 
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affects the phosphorylated state of its cognate regulator (Laub and 
Goulian, 2007; Verhamme et al., 2002). However, certain regulators 
can be phosphorylated from cognate and non-cognate sensors, 
allowing the regulator's response (output) to reflect different stimuli 
(input) from cognate and non-cognate sensors (Botella et al., 2014). 
Thus, different environmental stimuli acting on different sensors can 
converge to a given regulator. Is this the case of the two-component 
system RstAB and VarAS? Would the VarS sensor be able to 
phosphorylate the RstA regulator? (Fig.6). Taking into account the 
literature data and the experimental results obtained by us through 
mutant strains of Photobacterium damselae subsp. damselae from the 
gene deletion combination of the two-component systems VarAS and 
RstAB we can make the following reflections and queries: 
A) The presence of the rstA gene appears to be essential for full 
hemolytic activity. Strains RM-71
wt
, MT170 (ΔvarS), MT257 
(ΔvarA), MT236 (ΔvarAΔvarS) harbour functional rstA and rstB 
genes. Thus the RstB membrane sensing protein can 
phosphorylate RstA (RstA-P) which in turn could associate with 
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the promoters of the hlyAch, hlyApl and dly genes by activating its 
expression and thus producing the hemolysins PhlyC, PhlyP and 
Dly respectively and consequently cause maximal hemolysis on 
sheep blood agar (Fig. 2A). Dly hemolysin exhibits phospholipase 
D activity, so phospholipase activity was observed in egg yolk 
medium in these mutants (Fig. 2B). 
B) The MT255 (ΔrstAΔvarS) MT358 (ΔrstAΔvarA) and MT235 
(ΔrstAΔvarAΔvarS) mutants have low hemolytic activity and 
phospholipase since they do not possess the RstA protein due 
to the deletion of the rstA gene, therefore, there is low 
expression of the PhlyP, PhlyC and Dly (Fig. 2A, B and Fig.3). 
C) There was a recovery of the hemolytic and phospholipase 
activity of mutant strains MT350 (ΔrstBΔvarA) and MT351 
(ΔrstBΔvarS) (Fig. 2A, B) carrying the integral rstA gene. But 
how could this be possible if the rstB gene, encoding RstB, is 
deleted? In what way could the RstA responsive regulatory protein 
become active (RstA-P) and bind to the hemolysin promoters if 
RstB protein is not present to transfer the phosphate group?. We 
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know that the phosphorylated sensor serves as a phosphodonor to 
its regulatory partner, which is phosphorylated in a conserved 
aspartic acid residue (D) (Fig. 6). A regulator can be 
phosphorylated not only from a sensor that continually 
autophosphorylates, but also from a low molecular weight 
phosphodonor, acetyl-P (McCleary and Stock, 1994, Trajtenberg 
et al., 2014; Christopher et al., 2015 Groisman, 2016). Therefore, 
the mutant strains MT350 (ΔrstBΔvarA) and MT351 (ΔrstBΔvarS) 
could have their RstA protein phosphorylated by a acetyl-P group. 
Supporting this hypothesis, the work of Kim et al., 2015, 
demonstrated that the ΔvarA mutant strain of Vibrio vulnificus 
revealed that the acsA gene encoding acetyl-CoA synthetase was 
negatively regulated. If this were true for P. damselae subsp. 
damselae with deletions in the varA and varS genes, we would 
also expect the acsA gene to be downregulated, so that little 
Acetyl-CoA would be formed and an accumulation of Acetyl-P 
and Coenzyme A (CoA) groups would be observed. This supposed 
accumulation of Acetyl-P would explain the recovery of hemolysis 
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from the MT350 (ΔrstBΔvarA) and MT351 (ΔrstBΔvarS) strains 
that would have their RstA response regulator protein 
phosphorylated by these Acetyl-P groups. Interestingly, the varA 
and varS genes of P. damselae subsp. damselae exhibit 91% and 
65% identity with the varA and varS genes of Vibrio vulnificus 
respectively (Table 3). It is also known that phosphorylation of the 
response regulator is more efficient when the sensors are used as 
phosphodonor than when they receive phosphoryl group of acetyl-
P (Trajtenberg et al., 2014). This would explain why the hemolytic 
recovery observed in the mutant strains MT350 (ΔrstBΔvarA) and 
MT351 (ΔrstBΔvarS) was not 100%, ie, the diameter of the 




D) Why do mutant strains MT350 (ΔrstBΔvarA) and MT351 
(ΔrstBΔvarS) recover hemolytic and phospholipase activity but 
do not regain normal cell motility and morphology when 
cultured at 0.5% NaCl? Why do they remain sensitive to 
ampicillin? One would expect these mutants to regain normal 
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activity for all these phenotypes, since RstA is being 
phosphorylated by acetyl-P. Using the PhoPQ two-component 
system as an example, the PhoP regulator binds only to promoters 
with high affinity binding sites and/or those that are not subject to 
silencing by nucleotide-associated proteins, such as the structuring 
protein nucleoid similar to histone HNS (Zwir et al., 2012, Zwir et 
al., 2014). As the active PhoP-P concentration increases, 
promoters with sites of low binding affinity and/or subjected to H-
NS mediated silencing will be occupied, and transcription of the 
corresponding genes will occur. Thus, there may be an expression 
hierarchy that reflects the number of molecules of the active 
regulator that may reflect on preferred physiological responses. 
(Beier and Gross, 2008; Fujita et al., 2005; Gao and Stock, 2009; 
Zwir et al., 2014). The fact that the mutant strains (ΔrstBΔvarA) 
and MT351 (ΔrstBΔvarS) recovered hemolytic activity and 
phospholipase but did not recover normal cell motility and 
morphology at 0.5% NaCl and remain sensitive to ampicillin could 
be due to RstA-P protein having affinity distinct from the 
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promoters of the genes they regulate. Thus, phospholylation of 
RstA (made less efficient by the acetyl-P groups when compared 
to sensor-phosphorylated) would generate active RstA-P with 
preferential affinity to the hemolysin promoters, which explains 
the recovery of hemolysis. Thus, the amount of RstA-P under 
these conditions, would not be sufficient to activate genes related 
to motility, cell morphology and ampicillin sensitivity. 
E) Considering the reflections made so far, why did the mutant 
MT151 (ΔrstB) carrying the rstA gene have reduced hemolytic 
activity? (Fig. 2A). In E. coli, homologues of VarAS 
(BarA/UvrY) activate the transcription of genes encoding small 
sRNAs CsrB and CsrC which in turn inhibit the activity of the 
protein CsrA (Liu et al., 1997; Weilbacher et al., 2003; Lenz et al., 
2005). CrsA is a post-transcriptional regulator of several processes 
including carbon metabolism, biofilm formation in E. coli (Romeo 
et al., 1993; Romeo, 1998). In Pseudomonas sp., the homologues 
of VarAS (GacA/GacS) activate the transcription of rsm genes 
encoding sRNAs that also inhibit a homolog of CsrA (Aarons et 
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al., 2000; Heeb et al., 2002; Valverde et al., 2003; Burrowes et al., 
2005). Many defects conferred by mutations in homologues of the 
varA gene are due to their inability to alleviate repression of the 
CsrA protein, that key protein in central metabolism, motility and 
virulence (Blumer et al., 1999; Chancey et al., 1999; Cui et al., 
2001; Chatterjee et al., 2003;Vakulskas et al., 2015).The 
VarAS/CsrB, C, D/CsrA system was also demonstrated in Vibrio 
vulnificus (Jones et al., 2008), Vibrio fischeri (Whisttler and Ruby, 
2003; Nyholm and Mcfall-Ngai, 2004; Septer et al., 2015; Foxall 
et al., 2015) and V. Cholera (Jobling and Holmes, 1997; Zhu et 
al., 2002; Zhu and Mekalanos 2003; Hammer and Bassler, 2003; 
Lenz et al., 2005; Jang et al., 2010; Tsou et al., 2011; Mey et al., 
2015). It has recently been shown that the Vibrio alginolyticus 
VarAS two-component regulatory system regulates the expression 
of a collagenase A through a likely unidentified post-
transcriptional regulator (Mima et al., 2018). The degree of 
identity (%)/similarity of the two-component VarAS system of P. 
damselae subsp. damselae with the VarAS system of E. coli, 
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Pseudomonas sp., Vibrio vulnificus, Vibrio fischeri, V. Cholera 
and Vibrio alginolyticus is presented in table 3. Due to the high 
degree of identity (%)/similarity of the VarAS system of these 
species with the same system in P. damselae subsp. damselae we 
could assume that the two-component VarAS system of P. 
damselae subsp. damselae is also related to the activation of genes 
encoding small sRNAs which in turn would also inhibit the post 
transcriptional regulatory protein CsrA (identity of 91% with CsrA 
ofVibrio fischeri, Vibrio vulnificus and V. cholerae, table3). Thus, 
mutant strains MT350 (ΔrstBΔvarA) and MT351 (ΔrstBΔvarS) 
would not express the small sRNAs (CsrB, C, D) which would 
increase the levels of the CsrA protein which in turn would 
increase the levels of acetyl-P due to negative regulation of the 
acsA gene (less acetyl-coA synthase being produced), giving these 
mutants the recovery of hemolytic activity due to their ability to 
phosphorylate RstA. Using the same reasoning we can explain the 
low hemolytic activity of strain MT151 (ΔrstB). This mutant does 
not have the ability to phosphorylate the RstA protein because it 
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lacks the RstB membrane sensor. The MT151 (ΔrstB) strain also 
carries the VarA and VarS proteins, which in turn would activate 
the expression of small sRNAs which would consequently lower 
CsrA levels. Thus, acetyl-coa synthetase molecules would 
normally be produced which would decrease the acetyl-P number 
capable of phosphorylating RstA and therefore, reducing the 
hemolytic capacity of this mutant. Therefore, MT151 has reduced 
hemolytic activity because it would have neither RstB nor acetyl-P 
to phosphorylate RstA.  
F) Why does the MT231 (ΔrstBΔvarAΔvarS) mutant strain have 
low hemolytic activity (Fig. 2A) and recovers phospholipase 
activity (Fig. 3)? Using the same interpretation to explain the 
recovery of the hemolytic activity of the mutant strains MT350 
(ΔrstBΔvarA) and MT351 (ΔrstBΔvarS) for strain MT231 
(ΔrstBΔvarAΔvarS), we expected that MT231 also recovered its 
hemolytic activity. What appears to be that for recovery of 
hemolytic activity, at least one of the VarAS system genes must be 
present. Would the varA and varS genes together be responsible 
189 
 
for the repression of some type of phospholipase? This could 
explain why the MT231 (ΔrstBΔvarAΔvarS) strain has some 
phospholipase activity (Fig. 3). All these interpretations are the 
results of hypotheses formulated from data presented in the 
literature from studies carried out with other bacterial species, 
therefore, they should be proven, refuted or reformulated from 
further experiments in the future. It is worth remembering that we 
were the pioneers to look for regulatory genes related to virulence 
factors in the species Photobacterium damselae and therefore, 
these partial results can act as an excellent starting point for later 
studies in order to elucidate this complex regulation network 
involving the RstAB and VarAS systems. However, we can say 
that there is interaction between these two regulation systems in a 
way still unknown. Thus, the ΔrstB mutant with reduced 
hemolytic activity, partially recovered the hemolytic activity after 
having the varA or varS gene deleted. This statement is true for 
strains derived from Pdd RM-71 that had their hemolytic activity 
evaluated in sheep blood. 
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VarA ( Response Regulator)       
VDA_002274 (varA) UvrY b1914 NP_416424.1 Escherichia coli K-12 76% 2e-123 
VDA_002274 (varA) SirA  STY2155 NP_456510.1 Salmonella enterica Typhimurium 75% 1e-122 
VDA_002274 (varA) LetA PTVF89_03745 KXB28168.1 Legionella pneumophila 51% 1e-79 
VDA_002274 (varA) GacA DC048_17280 PWB31412.1 Pseudomonas sp. 64% 7e-99 
VDA_002274 (varA) VarA VC1213 NP_230858.1 Vibrio cholerae O1 El Tor N16961 88% 1e-145 
VDA_002274 (varA) VarA K04M1_20050 ARP03643.1 Vibrio alginolyticus 92% 5e-150 
VDA_002274 (varA) VarA VF_1627 YP_205010.1 Vibrio fischeri 89% 6e-147 
VDA_002274 (varA) VarA VV1_3054 AAO11378.1 Vibrio vulnificus 91% 6e-148 
VarS (sensory HK)       
VDA_001267 (varS) BarA b2786 NP_417266.1 Escherichia coli K-12 54% 0.0 
VDA_001267 (varS) BarA STY3096 NP_457354.1 Salmonella enterica Typhimurium 54% 0.0 
VDA_001267 (varS) LetS PTVFX2014_11865 KZX36238.1 Legionella pneumophila 30% 1e-123 
VDA_001267 (varS) GacS CUR33_13515 PJE40046.1 Pseudomonas sp. 38% 0.0 
VDA_001267 (varS) VarS VC2453 NP_232082.1 Vibrio cholerae O1 El Tor N16961 64% 0.0 
VDA_001267 (varS) VarS K04M1_26800 ARP04300.1 Vibrio alginolyticus 66% 0.0 
VDA_001267 (varS) VarS VF_2082  YP_205465.1 Vibrio fischeri 69% 0.0 
VDA_001267 (varS) VarS VV1_1573 AAO09997.1 Vibrio vulnificus 65% 0.0 
CsrA (carbon storage regulator)       
VDA_001301 (csrA) CsrA CQ007_12255  PRB80492.1 Pseudomonas sp. 86% 7e-30 
VDA_001301 (csrA) CsrA VF_0538 YP_203921.1 Vibrio fischeri 91% 1e-36 
VDA_001301 (csrA) CsrA VV1_1595 AAO10018.1 Vibrio vulnificus 91% 3e-34 
VDA_001301 (csrA) CsrA VC0548 NP_230199.1 Vibrio cholerae O1 El Tor N16961 91% 7e-38 
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Deletion of regulatory genes toxR, luxO and phoP does not impair 
hemolytic activity in Photobacterium damselae subsp. damselae 
In an attempt to find additional regulatory genes related to the 
hemolytic activity of P. damselae subsp damselae that may or may not 
interact with the RstAB system, we selected some candidate genes 
based on literature data and/or based on the results obtained in this 
work with the two-component VarAS system. The selected regulatory 
genes were toxR, luxO and phoP and are all present in chromosome I 
of  P. damselae subsp. damselae (Fig. 7). 
 
Figure 7. Genetic context of the luxO, toxR and phoP regulatory 
genes in P. damselae subsp. damselae. 
 
These genes present in the wild type strain RM-71 have high 

















The Vibrio cholerae ToxR/S/T system has been reported as a key 
regulator of the expression of virulence proteins such as cholera toxin 
(CT) and toxin-co-regulated pili (TCP). (Miller and Mekalanos, 1987, 
Peterson and Mekalanos, 1988; Dirita et al., 1991; Childers and Klose, 
2007; Bina et al., 2013, Peterson and Gellings, 2018). The Vibrio 
cholerae VarAS two-component system controls the expression of 
virulence proteins by regulating the expression of toxT (Jang et al., 
2011). The expression of ToxR in Vibrio cholerae depends on the 
global VarAS/CsrBCD/CrsA circuit and furthermore, it is known that 
the ΔvarA mutant overproduced the CsrA protein, exhibiting high 
levels of ToxR indicating that CsrA is a positive regulator of ToxR 
levels (Mey et al., 2015).The homology of the toxR gene of P. 
damselae subsp. damselae is 47% with the V. cholerae toxR gene 
(Table 5). Given the key relationship of ToxR with the regulation of 
the virulence factors of V. cholerae and with the VarAS /CsrB, C, 
D/CrsA system we have found interesting to delete this toxR gene in 
P. damselae subsp. damselae, MT107 (ΔtoxR), in order to evaluate if 
there were any consequences in the hemolysis of these pathogens.
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Table 4. Homology between the luxO, toxR, phoP genes, adjacent genes of the RM-71 and CIP 10276 strains of Pdd. 
 
Table 5. Homology between the luxO, toxR and phoP genes of Pdd and other bacterial species. 
    Homologue Matches   
Feature ID Length (bp) Funcion of the predicted protein Accesion no. Species Ident. E-value 
       
VDA_001623/ CDS_1 2028 excinuclease ABC subunit B EEZ40596.1 P. damselae subsp. damselae CIP 102761 100% 0.0 
VDA_001624/ luxO 1140 putative repressor protein luxO EEZ40597.1 P. damselae subsp. damselae CIP 102761 100% 0.0 
A0J47_08130/ luxU 360 phosphorelay protein LuxU  (not annotated in CIP 102761) ODA21700.1 P. damselae subsp. damselae RM-71 100% 0.0 
VDA_001625/ CDS_2 894 adenylate kinase  EEZ41490.1 P. damselae subsp. damselae CIP 102761 100% 3e-151 
VDA_002523/CDS_3 1902 chaperone protein HtpG  EEZ41491.1 P. damselae subsp. damselae CIP 102761 100% 0.0 
VDA_002524/ toxR 900 transcriptional activator ToxR EEZ41492.1 P. damselae subsp. damselae CIP 102761 100% 0.0 
VDA_002525/ toxS 564 transmembrane regulatory protein ToxS  EEZ41493.1 P. damselae subsp. damselae CIP 102761 100% 6e-125 
VDA_2526/ CDS_4 603 recombination protein RecR EEZ41494.1 P. damselae subsp. damselae CIP 102761 100% 4e-126 
VDA_001827/ CDS_5 1203 short-chain alcohol dehydrogenase family  EEZ40795.1 P. damselae subsp. damselae CIP 102761 100% 0.0 
VDA_001828/ phoQ 1347 sensor protein phoQ EEZ40796.1 P. damselae subsp. damselae CIP 102761 100% 0.0 
VDA_001829/ phoP 675 putative transcriptional regulatory protein PhoP  EEZ40797.1 P. damselae subsp. damselae CIP 102761 100% 5e-167 
VDA_001830/CDS_6 1683 TrkA Potassium channel-family protein  EEZ40798.1 P. damselae subsp. damselae CIP 102761 99% 0.0 
 
 
       
    Homologue Matches   
locus_tag/Feature ID 













       
LuxO (repressor protein)        
VDA_001624 (luxo) LuxO VC1021 NP_230666.1 Vibrio cholerae O1 El Tor N16961 70% 0.0 
PhoP ( Response Regulator)       
VDA_001829 (phoP) PhoP b1130 NP_415648.1 Escherichia coli K-12 51% 6e-75 
VDA_001829 (phoP) PhoP STY1271 NP_455723.1 Salmonella enterica Typhimurium 50% 3e-74 
VDA_001829 (phoP) PhoP VC1638 NP_231275.1 Vibrio cholerae O1 El Tor N16961 39% 6e-51 
ToxR (transcriptional activator)       
VDA_002524 (toxR) ToxR VC0984 NP_230630.1 Vibrio cholerae O1 El Tor N16961 47% 5e-76 
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We also constructed the double mutant MT172 (ΔtoxRΔvarS) in order 
to give us clues about the operation of the VarAS/CsrB, C, D/CrsA 
system of P. damselae subsp. damselae. However, mutant strains 
MT107 and MT172 did not have their hemolytic activity altered in 
TSA-1 medium supplemented with sheep blood (data not shown). The 
Vibrio cholerae VarAS/CsrB,C,D/CrsA circuit, also acts on the 
quorum-sensing network of this pathogen by an alternative route, 
acting directly on the LuxO repressor protein. Then, the post-
transcriptional protein, CsrA, promotes the activation of the LuxO 
protein which in turn activates the expression of sRNA genes that 
destabilize the HapR mRNA (key regulatory protein in the quorum-
sensing of V. cholerae) thus repressing the production from HapR 
(Lenz et al., 2005; Lenz et al., 2007; Jang et al., 2010). It is known 
that the HapR regulatory protein activates or deactivates a variety of 
genes. For example, when HapR is produced, it activates the 
production proteases and represses the production of virulence factors 
and biofilm formation (Jobling and Holmes, 1997; Zhu et al., 2002; 
Hammer and Bassler, 2003; Zhu and Mekalanos, 2003; Jang et al., 
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2010). A putative LuxO repressor protein from P. damselae subsp. 
damselae has 70% identity with the V. cholerae LuxO protein (Table 
5). We constructed the mutants MT209 (ΔluxO), MT211 
(ΔluxOΔrstB), MT203 (ΔluxOΔvarS), MT212 (ΔluxOΔrstBΔvarS) 
and MT317 (ΔluxOΔrstBΔvarA) and evaluated the hemolytic activity 
in TSA-1 medium supplemented with sheep blood (data not shown). 
MT209, MT211 and MT203 did not have their hemolytic activity 
altered and MT212 and MT317 hemolytic activity similar to MT350 
(ΔrstBΔvarA) and MT351 (ΔrstBΔvarS) mutants exhibiting partially 
recovered hemolytic activity (data not shown). We did not have 
evidence that LuxO regulates the hemolytic activity of P. damselae 
subsp. damselae under the conditions tested. The PhoPQ two-
component system monitors availability of extracellular Mg
2 +
 and is 
more activated at low concentrations of Mg
2+
. Increasing extracellular 
Mg
2+
 concentrations (PhoPQ less active) led to decreased gene 
expression of the two-component RstAB system in E. coli, suggesting 
that the PhoPQ system activates the gene transcription of the two-
component RstAB system in this pathogen (Minagawa et al., 2003; 
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Ogasawara et al., 2007). The interaction between the two-components 
PhoPQ and RstAB systems has also been reported in Salmonella 
enterica serovar Typhimurium (Nam et al., 2010; Tran et al., 2016). 
Data on the PhoPQ system in V. cholerae and P. damselae subsp. 
damselae is scarce. The PhoP response regulator protein of P. 
damselae subsp. damselae possesses 51%, 50% and 39% identity with 
E. coli, Salmonella enterica serovar Typhimurium and V. cholerae 
respectively (Table 5). We constructed the mutant strains MT242 
(ΔphoP) and MT261 (ΔrstBΔphoP) to evaluate the hemolytic activity. 
However, MT242 strain continued to have hemolytic activity similar 
to the wild-type strain RM-71
wt
 (data not shown). The MT261 strain, 
however, exhibited reduced hemolytic activity due to deletion of the 
rstB gene (data not shown). No relationship was found between the 
toxR, luxO and phoP regulatory genes of P. damselae subsp. damselae 
strain RM-71
wt
 with the hemolytic activity in sheep blood. The 
hemolysis regulating system of Photobacterium damselae subsp. 
damselae has been shown to be an extremely complex circuit because 





Aarons S., Abbas, A., Adams, C., Fenton, A., and O’Gara, F. (2000). 
A regulatory RNA (PrrB RNA) modulates expression of 
secondary metabolite genes in Pseudomonas fluorescens F113. J 
Bacteriol 182: 3913–3919. 
Beier D., Gross R. (2008). The BvgS/BvgA phosphorelay system of 
pathogenic Bordetellae: structure, function and evolution. Adv. 
Exp. Med. Biol. 631:149–60. 
Bina X.R., Taylor D.L., Vikram A.et al. (2013). Vibrio cholerae ToxR 
downregulates virulence factor production in response to Cyclo 
(PhePro). mBio. 4:e00366–13. 
Botella E., Devine S.K., Hubner S., Salzberg L.I., Gale R.T., et al. 
(2014). PhoR autokinase activity is controlled by an intermediate 
in wall teichoic acid metabolism that is sensed by the intracellular 
PAS domain during the PhoPR-mediated phosphate limitation 
response of Bacillus subtilis. Mol. Microbiol. 94:1242–59.  
198 
 
Blumer C., Heeb, S., Pessi, G. and Haas, D. (1999). Global GacA-
steered control of cyanide and exoprotease production in 
Pseudomonas fluorescens involves specific ribosome binding 
sites. Proc Natl Acad Sci U S A 96. 14073–14078. 
Burrowes E., Abbas, A., O’Neill, A., Adams, C., and O’Gara, F. 
(2005). Characterisation of the regulatory RNA RsmB from 
Pseudomonas aeruginosa PAO1. Res Microbiol. 156: 7–16. 
Childers B.M., Klose K.E. (2007). Regulation of virulence in Vibrio 
cholerae; the ToxR regulon. Future Microbiol.2:335–44. 
Chancey S.T, Wood D.W, Pierson 3rd L.S. (1999). Two-component 
transcriptional regulation of N-acyl-homoserine lactone 
production in Pseudomonas aureofaciens. Appl Environ 
Microbiol. 65(6):2294–2299. 
Cui Y, Chatterjee A., Chatterjee A.K. (2001). Effects of the two-
component system comprising GacA and GacS of Erwinia 
carotovora subsp. carotovora on the production of global 
regulatory rsmB RNA, extracellular enzymes, and harpinEcc. Mol 
Plant Microbe Interact. 14(4):516–26. 
199 
 
Chatterjee A., Cui Y., Yang H., Collmer A., Alfano J.R., Chatterjee 
A.K. (2003). GacA, the response regulator of a two-component 
system, acts as a master regulator in Pseudomonas syringae pv. 
tomato DC3000 by controlling regulatory RNA, transcriptional 
activators, and alternate sigma factors. Mol Plant Microbe 
Interact. 16(12):1106–17. 
DiRita V.J., Parsot C., Jander G.et al. (1991). Regulatory cascade 
controls virulence in Vibrio cholerae. P Natl Acad Sci 
USA.88:5403– 7. 
Foxall R.L, Ballok A.E., Avitabile A., Whistler C.A. (2015). 
Spontaneous phenotypic suppression of GacA-defective Vibrio 
fischeri is achieved via mutation of csrA and ihfA. BMC 
Microbiol. 16;15:180. 
Fujita M., Gonzalez-Pastor J.E., Losick R. (2005). High- and low-
threshold genes in the Spo0A regulon of Bacillus subtilis. J. 
Bacteriol. 187:1357–68. 
Gao R., and Stock, A. M. (2009). Biological insights from structures 
of two component proteins. Annu. Rev. Microbiol. 63, 133–154. 
200 
 
Groisman E.A. (2016). Feedback Control of Two-Component 
Regulatory Systems. Annu Rev Microbiol.  8;70:103-24. 
Goodell K. H., Jordan M. R., Graham R., Cassidy C. and Nasraway S. 
A. (2004). Rapidly advancing necrotizing fasciitis caused by 
Photobacterium (Vibrio) damsela: a hyper aggressive variant. 
Crit. CareMed. 32(1):278- 281. 
Hammer B.K., and Bassler, B.L. (2003). Quorum sensing controls 
biofilm formation in Vibrio cholerae. Mol Microbiol. 50: 101–
104. 
Heeb S., Blumer, C., and Haas, D. (2002). Regulatory RNA as 
mediator in GacA/RsmA-dependent global control of exoproduct 
formation in Pseudomonas fluorescens CHA0. J Bacteriol 184: 
1046–1056. 
Herrero M., de Lorenzo, V., and Timmis, K. N. (1990). Transposon 
vectors containing non-antibiotic resistance selection markers for 
cloning and stable chromosomal insertion of foreign genes in 
gram-negative bacteria. J. Bacteriol. 172, 6557–6567. 
201 
 
Jang J., Jung K.T., Yoo C.K., Rhie G.E. (2010). Regulation of 
hemagglutinin/protease expression by the VarS/VarA-
CsrA/B/C/D system in Vibrio cholerae. Microb Pathog. 48(6): 
245-50. 
Jang J., Jung, K. T., Park, J., Yoo, C. K., and Rhie, G. E. (2011). The 
Vibrio cholerae VarS/VarA two-component system controls the 
expression of virulence proteins through ToxT regulation. 
Microbiology 157, 1466–1473. 
Jobling M.G., and Holmes, R.K. (1997). Characterization of hapR, a 
positive regulator of the Vibrio cholerae HA/ protease gene hap, 
and its identification as a functional homologue of the Vibrio 
harveyi luxR gene. Mol Microbiol. 26: 1023–1034. 
Johnston C., Pegues D.A., Hueck C.J., Lee A., Miller S.I. (1996). 
Transcriptional activation of Salmonella typhimurium invasion 
genes by a member of the phosphorylated response-regulator 
superfamily. Mol Microbiol.22:715e27. 
Jones M.K., Oliver J.D. (2009). Vibrio vulnificus: Disease and 
pathogenesis. Infect Immun. 77: 1723–33. 
202 
 
Kim M.J., Kim J., Lee H.Y., Noh H.J., Lee K.H., Park S.J. 
(2015). Role of AcsR in expression of the acetyl-CoA synthetase 
gene in Vibrio vulnificus. BMC Microbiol. 12;15:86. 
Kreger A. S., Bernheimer, A. W., Etkin, L. A., and Daniel, L. W. 
(1987).  Phospholipase D activity of Vibrio damsela cytolysin and 
its interaction with sheep erythrocytes. Infect. Immun. 55, 
3209‒3212. 
Labella A., Berbel C., Manchado M., Castro D., Borrego J.J. (2011). 
Photobacterium damselae subsp. damselae, an emerging 
pathogen affecting new cultured marine fish species in southern 
Spain. Faruk A. and Zafer D. (Eds.), Recent Advances in Fish 
Farns (pp.135-152). New York: In Tech. 
Laub M.T., Goulian M. (2007). Specificity in two-component signal 
transduction pathways. Annu. Rev. Genet. 41:121–45. 
Laville J., Voisard, C., Keel, C., Maurhofer, M., Defago, G., and 
Haas, D. (1992). Global control in Pseudomonas fluorescens 
mediating antibiotic synthesis and suppression of black root rot of 
tobacco. Proc Natl Acad Sci USA 89: 1562–1566. 
203 
 
Lenz D.H., Bassler B.L. (2007). The small nucleoid protein Fis is 
involved in Vibrio cholerae quorum sensing. Mol Microbiol. 
63:859–871. 
Lenz D.H., Miller M.B., Zhu J., Kulkarni R.V., Bassler B.L. (2005). 
CsrA and three redundant small RNAs regulate quorum sensing in 
Vibrio cholerae. Mol Microbiol. 58(4):1186-202. 
Liu M.Y., Gui G., Wei B., Preston J.F.et al. (1997). The RNA 
molecule CsrB binds to the global regulatory protein CsrA and 
antagonizes its activity in Escherichia coli. J. Biol. Chem.  
272:17502–17510. 
McCleary W.R., Stock J.B. (1994). Acetyl phosphate and the 
activation of two-component response regulators. J. Biol. Chem. 
269:31657–72. 
Mey A.R., Butz H.A., Payne S.M. (2015). Vibrio cholerae CsrA 
Regulates ToxR Levels in Response to Amino Acids and Is 
Essential for Virulence. MBio. 4;6(4):e01064. 
204 
 
Miller V.L., Mekalanos J.J. (1987). Synthesis of cholera toxin is 
positively regulated at the transcriptional level by toxR. Proc Natl 
Acad Sci USA 81:3471–5. 
Miller S.I., Kukral AM, Mekalanos J.J. (1989) A two-component 
regulatory system (phoP phoQ) controls Salmonella typhimurium 
virulence. Proceedings of the National Academy of Sciences of 
the United States of America. 86(13):5054–8. 
Minagawa S., Ogasawara H., Kato A., Yamamoto K., Eguchi Y., et al. 
(2003). Identification and molecular characterization of the Mg
2+
 
stimulon of Escherichia coli. J. Bacteriol. 185:3696–702. 
Mima T., Gotoh K., Yamamoto Y., et. al. (2018). Expression of 
Collagenase is Regulated by the VarS/VarA Two-Component 
Regulatory System in Vibrio alginolyticus. J Membr Biol. 
251(1):51-63.  
Molofsky A.B., and Swanson, M.S. (2004) Differentiate to thrive: 
lessons from the Legionella pneumophila life cycle. Mol 
Microbiol 53: 29–40. 
205 
 
Moolenaar G.F., van Sluis C.A., Backendorf C., van de Putte P. 
(1987). Regulation of the Escherichia coli excision repair gene 
uvrC. Overlap between the uvrC structural gene and the region 
coding for a 24 kD protein. Nucleic Acids Res.15: 4273e89. 
Nam D., Choi E, Kweon D.H., Shin D. (2010).  The RstB sensor acts 
on the PhoQ sensor to control expression of PhoP-regulated 
genes. Mol Cells. 30(4):363-8. 
Nyholm S.V., McFall-Ngai M.J. (2004). The winnowing: establishing 
the squid-vibrio symbiosis. Nat Rev Microbiol. 2(8):632–42. 
Ogasawara H., Hasegawa, A., Kanda, E., Miki, T., Yamamoto, K., 
and Ishihama, A. (2007). Genomic SELEX search for target 
promoters under the control of the PhoQP-RstBA signal relay 
cascade. J. Bacteriol. 189, 4791–4799.  
Osorio C. R., Vences, A., Matanza, X. M., and Terceti, M. S. (2018). 
Photobacterium damselae subsp. damselae, a generalist pathogen 




Perego M., Brannigan J.A. (2001). Pentapeptide regulation of 
aspartyl-phosphate phosphatases. Peptides 22:1541–47. 
Peterson K.M., Mekalanos J.J. (1988). Characterization of the Vibrio 
cholerae ToxR regulon: identification of novel genes involved in 
intestinal colonization. Infect Immun. 56:2822–9. 
Peterson K. M. and Gellings P.S. (2018). Multiple intraintestinal 
signals coordinate the regulation of Vibrio cholerae virulence 
determinants. Pathogens and Disease. 1;76(1). 
Rahme L.G., Tan M.W., Le L., Wong S.M., (1997). Tompkins R.G., 
Calderwood S.B., et al. Use of model plant hosts to identify 
Pseudomonas aeruginosa virulence factors. Proc Natl Acad Sci 
USA.94:13245e50. 
Rich J.J., Kinscherf, T.G., Kitten, T., and Willis, D.K. (1994). Genetic 
evidence that the gacA gene encodes the cognate response 
regulator for the lemA sensor in Pseudomonas syringae. J 
Bacteriol 176: 7468–7475. 
Rivas  A. J., Balado, M., Lemos, M. L., and Osorio, C. R. (2011). The 
Photobacterium damselae subsp. damselae hemolysins 
207 
 
damselysin and HlyA are encoded within a new virulence 
plasmid. Infect. Immun. 79, 4617-4627.  
Rivas A. J., Balado, M., Lemos, M. L., and Osorio, C. R. (2013a). 
Synergistic and additive effects of chromosomal and plasmid-
encoded hemolysins contribute to hemolysis and virulence in 
Photobacterium damselae subsp. damselae. Infect. Immun. 81, 
3287-3299. 
Rivas A. J., Von Hoven, G., Neukirch, C., Meyenburg, M., Qin, Q., 
Füser, S., Boller, K., Lemos, M. L., Osorio, C. R., and Husmann, 
M. (2015a). Phobalysin, a small ß-pore-forming toxin of 
Photobacterium damselae subsp. damselae. Infect. Immun. 83, 
4335-4348.  
Rivas A. J., Vences, A., Husmann, M., Lemos, M. L., and Osorio, C. 
R. (2015b). Photobacterium damselae subsp. damselae major 
virulence factors Dly, plasmid encoded HlyA, and chromosome-
encoded HlyA are secreted via the type II secretion system. Infect. 
Immun. 83, 1246-1256. 
208 
 
Romeo T. (1998). Global regulation by the small RNA-binding 
protein CsrA and the non-coding RNA molecule CsrB. Mol 
Microbiol. 29: 1321–1330.  
Romeo T., Gong, M., Liu, M.Y., and Brun-Zinkernagel, A.M. (1993). 
Identification and molecular characterization of csrA, a 
pleiotropic gene from Escherichia coli that affects glycogen 
biosynthesis, gluconeogenesis, cell size, and surface properties. J 
Bacteriol. 175: 4744– 4755. 
Septer A.N., Bose J.L., Lipzen A., Martin J., Whistler C., Stabb E.V. 
(2015). Bright luminescence of Vibrio fischeri aconitase mutants 
reveals a connection between citrate and the Gac/Csr regulatory 
system. Mol Microbiol. 95(2):283–96. 
Stock A.M., Robinson V.L., Goudreau P.N. (2000). Two-component 
signal transduction. Annu. Rev. Biochem. 69:183–215. 
Terceti M. S., Rivas, A. J., Alvarez, L., Noia, M., Cava, F., and Osorio 
C.R. (2017). rstB regulates expression of the Photobacterium 
damselae subsp. damselae major virulence factors Damselysin, 
Phobalysin P and Phobalysin C. Front. Microbiol. 8, 582. 
209 
 
Terceti M. S., Vences A., Matanza X. M., Dalsgaard I., Perdersen K., 
Osorio C. R. (2018a). Molecular epidemiology of Photobacterium 
damselae subsp. damseale outbreaks in marine raibow trout farms 
reveals extensive horizontal gene transfer and high genetic 
diversity. Front. Microbiol. 9, 2155. 
Terceti M. S., Vences A., Matanza X.M., Barca A.V., Noia M., Lisboa 
J., Santos N.M.S., Vale A., Osorio C. R. (2018b). Mutation of the 
RstAB two-component regulatory system impairs virulence, 
motility, cell morphology, antimicrobial resistance and production 
of type II secretion system-dependent factors in the fish and 
human pathogen Photobacterium damselae subsp. damselae. (to 
submit). 
Tran T. K., Han Q. Q., Shi Y., and Guo, L. (2016). A comparative 
proteomic analysis of Salmonella typhimurium under the 
regulation of the RstAB and PhoPQ systems. Biochim. Biophys. 
Acta 1864, 1686–1695. 
Trajtenberg F., Albanesi D., Ruetalo N., Botti H., Mechaly A.E., et al. 
(2014). Allosteric activation of bacterial response regulators: The 
210 
 
role of the cognate histidine kinase beyond phosphorylation. mBio 
5:e02105. 
Tsou A.M., Liu Z., Cai T., Zhu J. (2011) The VarS/VarA two-
component system modulates the activity of the Vibrio cholerae 
quorum-sensing transcriptional regulator HapR. Microbiology. 
157 (Pt 6):1620-8.  
Vakulskas C.A., Potts A.H., Babitzke P., Ahmer B.M., Romeo T. 
(2015). Regulation of bacterial virulence by Csr (Rsm) systems. 
Microbiol Mol Biol Rev. 79:193–224. 
Valverde C., Heeb, S., Keel, C., and Haas, D. (2003). RsmY, a small 
regulatory RNA, is required in concert with RsmZ for GacA-
dependent expression of biocontrol traits in Pseudomonas 
fluorescens CHA0. Mol Microbiol 50: 1361– 1379. 
Verhamme D.T., Arents J.C., Postma P.W., Crielaard W, Hellingwerf 
K.J. (2002). Investigation of in vivo cross-talk between key two-
component systems of E. coli. Microbiology. 148:69–78.  
Vences A., Rivas A. J., Lemos M. L., Husmann M., and Osorio C. R. 
(2017). Chromosome-encoded hemolysin, phospholipase, and 
211 
 
collagenase in plasmidless isolates of Photobacterium damselae 
subsp. damselae contribute to virulence for fish. Appl. Environ. 
Microbiol. 83, pii: e00401-17. 
Wong S.M., Carroll P.A., Rahme L.G., Ausubel F.M., Calderwood 
SB. (1998). Modulation of expression of the ToxR regulon in 
Vibrio cholerae by a member of the two-component family of 
response regulators. Infect Immun. 66:5854-5861. 
Weilbacher, T., Suzuki, K., Dubey, A.K., Wang, X., Gudapaty, S., 
Morozov, I., et al. (2003). A novel sRNA component of the 
carbon storage regulatory system of Escherichia coli. Mol 
Microbiol. 48: 657–670. 
Whistler C.A. and Ruby E.G. (2003). GacA regulates symbiotic 
colonization traits of Vibrio fischeri and facilitates a beneficial 
association with an animal host. J Bacteriol. 185(24):7202–12. 
Yuen K. Y., Ma L., Wong S. S. Y. and Ng W. F. (1993). Fatal 




Zwir I., Latifi T., Perez J.C., Huang H., Groisman E.A. (2012). The 
promoter architectural landscape of the Salmonella PhoP regulon. 
Mol. Microbiol. 84:463–85.  
Zwir I., Yeo W.S., Shin D., Latifi T., Huang H., Groisman E.A. 
(2014). Bacterial nucleoid-associated protein uncouples 
transcription levels from transcription timing. mBio 5:e01485–14. 
Zhu J., and Mekalanos, J.J. (2003). Quorum sensingdependent 
biofilms enhance colonization in Vibrio cholerae. Dev Cell.5: 
647–656.  
Zhu J., Miller, M.B., Vance, R.E., Dziejman, M., Bassler, B.L., and 
Mekalanos, J.J. (2002). Quorum-sensing regulators control 
virulence gene expression in Vibrio cholerae. Proc Natl Acad Sci 


















Photobacterium damselae subsp. damselae is recognized as an 
emerging pathogen in marine aquaculture (Labella et al., 2011). 
Outbreaks of the disease caused by this bacterium in marine fish 
cultures have shown an evident increase in their geographical 
distribution in the last years, appearing in countries where it had never 
been reported before (Fig. IV.1). In addition, outbreaks in fish farms 
have been correlated with episodes of exceptionally high temperatures 
(Pedersen et al., 1997, Pedersen et al.,2008; Pedersen et al., 2009), 
following patterns similar to other infections caused by vibrios (Le 
Roux et al., 2015). In humans, P. damselae subsp. damselae can cause 
an extreme variant of severe necrotizing fasciitis, resulting fatal in 
some cases (Clarridge and Zighelboim-Daum, 1985; Coffey et al., 
1986; Yuen et al., 1993; Perez-Tirse et al., 1993; Fraser et al., 1997; 
Tang and Wong, 1999; Barber and Swygert, 2000; Goodell et al., 
2004; Asato and Kanaya, 2004; Alvarez et al., 2006, Kim et al., 
2009a; Hundenborn et al., 2013). 
Despite the increasing number of reports on the isolation of this 
pathogen from new fish species and new geographical locations, 
studies at the genetic level to identify the presence of virulence 
markers have been scarce. Similarly, although the molecular basis of 
virulence in this pathogen has been extensively studied in recent 
years, little is known about how the expression of these toxins is 
regulated.  
The proposal of our work was, on the one hand, to study the 
genetic diversity of P. damselae subsp. damselae in order to better 
understand its epidemiology and also whether the outbreaks caused by 
this pathogen are a consequence of infection and proliferation of a 
single adapted clone or several clones. For this, it was essential to 
analyze a collection of strains of P. damselae subsp. damselae from 
the same period and region of the outbreak. On the other hand, we 
here aimed at identifying some of the regulatory genes that modulate 
the production of virulence factors in P. damselae subsp. damselae. 




Fig.IV.1: Increased geographical distribution of outbreaks of diseases caused by P. damselae subsp. damselae in several species of 
fish and humans in the world. 
(Scophthalmus maximus) 
(Dicentrarchus labrax)
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So, we would then begin analyzing the valuable collection of 
isolates provided by Dr. Hamdi Ogut fromBursa Technical University 
(Turkey), which resulted in the publication of the paper 
“Photobacterium damselae subsp. damselae, an Emerging Fish 
Pathogen in the Black Sea: Evidence of a Multiclonal 
Origin”(Terceti et al., 2016). Wesubsequently analysed the collection 
provided by Prof.Dr. Karl Pedersen and Prof. Dr. Inger Dalsgaard 
fromthe Technical University of Denmark, giving rise to paper 
“Molecular Epidemiology of Photobacterium damselae subsp. 
damselae Outbreaks in Marine Rainbow Trout Farms Reveals 
Extensive Horizontal Gene Transfer and High Genetic Diversity” 
(Terceti et al., 2018a). These two collections of P. damselae subsp. 
damselaemetthe requirements we were looking for.These studies 
revealed high genetic diversity of the Turkish and Danish strains of P. 
damselae subsp. damselae causing outbreaks. (Both studies are 
discussed below in item 4.1). 
It has been mentioned that there are strains bearing the virulence 
plasmid pPHDD1and therefore produce the hemolysins Dly, PhlyP 
and PhlyC, and other strains that do not harbor pPHDD1 and then 
produce only PhlyC. As we did not know anything about the 
regulation of the genetic expression of these hemolysins, we started 
the search for regulatory genes. We have shown that the two-
component RstAB regulatory system plays an important role in 
controlling the hemolytic activity of P. damselae subsp. damselae and 
itcontrols the secretion of several other non-characterized proteins. In 
addition, this regulatory system proved to be ubiquitous inall strains of 
P. damselae subsp. damselae evaluated including both plasmid-
bearing strains and strains lacking pPHDD1. From this research topic 
we published the paper entitled “rstB Regulates Expression of the 
Photobacterium damselae subsp. damselae Major Virulence 
Factors Damselysin, Phobalysin P and Phobalysin”(Terceti et al., 
2017) and the paper “Mutation of the RstAB two-component 
regulatory system impairs virulence, motility, cell morphology, 
antimicrobial resistance and production of type II secretion 
system-dependent factors in the fish and human pathogen 
Photobacterium damselae subsp. damselae (Terceti et al., 2018b to 
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submit). (Both discussed belowin item 4.2.). In section 4.2 we will 
also briefly discuss the unpublished results: “Evidence of Interaction 
between VarAS and RstAB Systems in the Regulation of the 
Hemolytic Activity of Photobacterium damselae subsp. damselae”. 
 
4.1. GENETIC DIVERSITY AND MULTICLONAL ORIGIN 
 
We characterized a collection of 14 strains of P. damselae subsp. 
damselae isolated from sea bass during recent outbreaks in two farms 
in the Black Sea in Turkey, to carry out a study of their virulence gene 
background and to evaluate the pathogenicity potential forsea bass of 
strains producing PhlyC, and also of strains negative for the 
production of this hemolysin (Terceti et al., 2016). This study 
constitutes the first report, to our knowledge, on the molecular 
characterization of this pathogen isolated from disease outbreaks in 
the Black Sea, and our results indicated a multiclonal origin of the P. 
damselae subsp. damselae isolates in this area. Furthermore, to date, 
no study has been conducted to our knowledge to characterize the 
virulence of isolates of this emerging pathogen for sea bass, since 
most of the data on virulence were obtained using turbot (Fouz et al., 
1992), redbanded sea bream (Labella et al., 2010b) and raibow trout 
(Pedersen et al. 2009) as models of infection. We also characterized a 
collection of 31 strains of this pathogen from outbreaks in rainbow 
trout farms in Denmark during three distinct years (Terceti et al., 
2018a). This collection of Danish strains had been previously 
characterized by DNA fingerprinting techniques (ribotyping and 
pulsed-field gel electrophoresis) in two studies (Pedersen et al., 1997; 
Pedersen et al. 2009), revealing a lack of clonality between strains and 
suggesting that rainbow trout outbreaks were caused by genetically 
heterogeneous populations. 
We used the gene encoding the transcriptional regulator ToxR as 
a phylogenetic marker to provide clues about the phylogeography of 
the Turkish and Danish collections of P. damselae subsp. damselae. 
The toxR sequence is increasingly used as a valuable molecular clock 
for finely tuned rate discrimination within Vibrionaceae because of its 
high variability and the existence of intrasubspecific variation in P. 
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damselae subsp. damselae (Osorio and Klose, 2000; Martins et al., 
2015). Phylogeny based on the toxR gene revealed the existence of 
genetic heterogeneity among the Black Sea isolates (Terceti et al., 
2016) and Danish isolates (Terceti et al., 2018a). Thus, we find 
interesting correlations between identity at the level of the toxR gene 
and the occurrence of the same phenotypic or genotypic 
characteristics. The hypothesis of multiclonality of the Turkish strains 
is reinforced by the observation that the toxR gene sequenced from the 
different groups of P. damselae subsp. damselae isolated from the 
Black Sea show a much greater degree of variability between them 
than with strains of P. damselae subsp. piscicida or with the group of 
P. damselae subsp. damselae isolated from an outbreak in turbot 
farms in Spain (Terceti et al., 2016). 
Regarding the Danish strains the isolation of DK2 and DK3 from 
two different fish individuals on farm A in 1994 indicated that the fish 
were colonized by at least two markedly different genotypes of P. 
damselae subsp damselae. Interestingly, the tree based on the toxR 
gene also revealed that some genotypes from 2006 were identical to 
the genotypes previously isolated in 1994 and 1995. This observation 
suggests that some genotypes of P. damselae subsp. damselae can 
thrive in the environment for long periods between outbreaks and 
cause fish outbreaks once environmental and/or host conditions are 
favorable (Terceti et al., 2018a). Even so, the sampling procedure 
allowed the isolation of potentially clonal strains, exemplified by DK4 
to DK7 from 1994 (Terceti et al., 2018a). 
We determined that the collection of Black Sea isolates of this 
pathogen exhibited variable phenotypes and genotypes. Although P. 
damselae subsp. damselae are recognized as urease-positive in most 
reports (Fouz et al., 1992; Vera et al., 1991; Takahashi et al., 2008), 
previous studies have reported the existence of urease-negative 
isolates (Botella et al., 2002). In our study, we found that among the 
Turkish strains the 70 dps isolate was the only isolate that tested 
negative for the ureC gene (Terceti et al., 2016). The collection of 
Danish strains evaluated in this study were all urease positive 
(Pedersen et al., 1997; Pedersen et al., 2009). 
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Most P. damselae subsp. damselae strains do not ferment sucrose 
and therefore produce green colonies in TCBS medium (Fouz et al., 
1992; Botella et al., 2002; Vaseeharan et al., 2007; Abdel-Aziz et al., 
2013), but strains that form yellow colonies are isolated from time to 
time (Zhao et al., 2009). We found that 6 of 14 Black Sea isolates and 
1 of 31 Danish rainbow trout isolates produced yellow colonies on 
TCBS medium (Terceti et al., 2016; Terceti et al., 2018a). 
We also revealed the great diversity in motility of Turkish and 
Danish strains, as demonstrated by motility agar assays and to our 
knowledge, this constitutes the first reported evidence of variability in 
this phenotypic trait in this pathogen to date (Terceti et al., 2016; 
Terceti et al., 2018a). 
Virulence experiments using the highly hemolytic strain RM-71 
indicate that pPHDD1 plasmid is an important virulence factor for sea 
bass, as this strain caused 100% fish death in the first 24 h after 
inoculation. The two hemolysins encoded by pPHDD1, Dly and 
PhlyP, are considered the main virulence factors for turbot, and in 
addition, PhlyC contributes to the virulence to athe lesser extent 
(Rivas et al., 2013, Vences et al., 2017). We have shown that plasmid 
pPHDD1 is absent in all Black Sea sea bass isolates (Terceti et al., 
2016). Recent studies have reported that strains of P. damselae subsp. 
damselae without pPHDD1 were virulent in redbanded sea bream 
model (Labella et al., 2010b). In this respect, we demonstrated that 
negative isolates for pPHDD1 from the Black Sea environment have 
pathogenic potential for sea bass, and virulence was greatly 
diminished in a lineage with amutated hlyAch gene version. Our 
finding that 3 non-hemolytic Black Sea isolates contained 
pseudogenes of the hlyAch gene reinforces the hypothesis that the 
chromosomal region encoding PhlyC is a hot spot for recombination 
and insertion of IS elements into the genome of P. damselae subsp. 
damselae (Terceti et al., 2016). 
Interestingly, in Danish isolates, 3 non-hemolytic isolates without 
pPHDD1 (3/31) also harbored a hlyAch pseudogene (Terceti et al., 
2018a). In addition, 13 isolates (13/31) were hemolytic and carrying 
plasmid pPHDD1 and 15 isolates (15/31) showed low hemolysis and 
negative for pPHDD1 (Terceti et al., 2018a). This study confirmed 
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that the dly and hlyApl genes, when present, always occur 
simultaneously, and their presence is linked to the detection of the 
origin of replication of the plasmid pPHDD1. Therefore, screening of 
virulence genes demonstrated that the rainbow trout outbreaks were 
probably caused by a mixture of pPHDD1 negative strains and 
pPHDD1 positive, or, in other words, strains with very different 
degrees of virulence. This observation may question whether strains 
without plasmids were actually disease-causing organisms or whether 
they behaved as secondary invaders with a minor role in infection. 
The plpV gene encoding the PlpV phospholipase and its 
associated lecithinase activity proved to be ubiquitous in all Danish 
strains. These observations confirm that the phospholipase PlpV is the 
unique ubiquitous virulence gene marker described in P. damselae 
subsp. damselae so far, as previously suggested (Vences et al., 2017). 
In our study, we found that a pair of strains (DK2 and DK3) 
isolated from the same outbreak on the same fish farm contained a 
large number of strain-specific genes (Terceti et al., 2018a). It is 
pertinent to say that the present study constitutes, as far as we know, 
the first report of comparative genomic analysis in the species P. 
damselae, in which strains of the same outbreak are compared. A 
recent study analyzed the genome sequence of three strains of this 
subspecies, but the strains came from different host species and from 
different geographic locations (Vences et al., 2017). 
Our study found the differential occurrence of several virulence-
related genes in all 31 strains from rainbow trout from Denmark 
(Terceti et al., 2018a). A putative cluster of genes for the synthesis 
and use of siderophore vibrioferrin has been shown to be unique to the 
DK2 lineage, corroborating previous observations that this genetic 
system is only characteristic of a fraction of P. damselae subsp. 
damselae strains (Balado et al., 2017). 
Genomic variation among P. damselae subsp. damselae genomes 
analyzed in some Danish strains appeared to be associated with the 
differential occurrence of putative mobile DNA (Terceti et al., 2018a). 
This variable DNA fraction could have been gained by the 
contribution of each of the three main mechanisms of gene acquisition 
by horizontal gene transfer. Hence, the virulence plasmid pPHDD1 
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was likely acquired by conjugation, since a previous study 
demonstrated that this plasmid could be mobilized into recipient P. 
damselae cells (Rivas et al., 2011). The major role of phages in DNA 
acquisition is exemplified by the number of putative phage-associated 
genes that were found in the genomes of the four P. damselae subsp. 
damselae strains analyzed (Terceti et al., 2018a). The comparative 
analysis of these four genomes has also pointed at the existence of 
several hotspots for DNA acquisition (Terceti et al., 2018a). Some 
hyper variable regions contain short repetitive sequences in tandem 
which overlap with the putative transcriptional terminators of genes 
(Terceti et al., 2018a). These repeated sequences might therefore have 
played a role in the recombination of horizontally acquired DNA in 
some P. damselae subsp. damselae isolates. Additionally, a hyper 
variable region was characterized in the vicinity of the hlyAch gene 
encoding PhlyC toxin (Terceti et al., 2018a). This region, in addition 
to integrase genes and IS elements, also contained several tRNA 
genes. The role of tRNA genes as target loci for the insertion of 
horizontally acquired DNA sequences has been extensively 
documented (Schmidt and Hensel, 2004; Castillo et al., 2017). The 
increasing evidence that Vibrionaceae species are indeed prone to gain 
foreign DNA by natural transformation (Sun et al., 2013; Antonova 
and Hammer, 2015; Metzger and Blokesch, 2016), suggests that some 
of these variable DNA sequences might have been taken from the 
environment and inserted into the P. damselae subsp. damselae 
genomes via the aforementioned repeated sequences. This hypothesis 
will surely deserve an in-depth investigation in the near future.  
Of particular significance is the high diversity within the gene 
clusters encoding cell envelope polysaccharides (LPS and capsular 
polysaccharides). It is known from early studies that this pathogen 
exhibits serological diversity (Fouz et al., 1992). Our study with 
Danish strains provides supporting evidence that polysaccharide 
synthesis clusters of P. damselae subsp. damselae exhibit unique gene 
combinations in each analyzed strain (Terceti et al., 2018a), as 
previously suggested (Osorio et al., 2018). The reason for this high 
genetic diversity is currently unknown, and it might be related to the 
lifestyle of this generalist pathogen, that is capable of infecting a wide 
  DISCUSSION 
223 
 
range of animals and also of living as a free-swimming bacterium 
(Fouz et al., 1998; Fouz et al.,2000). 
Still on the analysis of the Danish collection, we revealed 
abundance and diversity of CRISPR-Cas systems occurring in P. 
damselae subsp. damselae genomes (Terceti et al., 2018a). Genome 
sequencing of only four strains revealed as many as three distinct Cas 
gene clusters which, according to the recent classification of CRISPR-
Cas (Makarova et al., 2015) likely belong to the types I-F and I-E. The 
PCR screening revealed that most of the 31 analyzed strains from 
rainbow trout outbreaks harbor at least one of these systems (Terceti 
et al., 2018a). As a pathogen that also thrives as a free-living 
bacterium in seawater, P. damselae subsp. damselae lives in close 
contact with bacteriophages (Novianty et al., 2014; Yamaki et al., 
2015), hence the abundance of CRISPR-Cas systems. Not 
surprisingly, much of the variable DNA content that showed to be 
specific of each of the four genomes analyzed here contained typical 
features of prophage DNA. Recently, it has been reported that 
CRISPR-Cas systems may also play a regulatory role on endogenous 
genes. Thus, in addition to protecting from phages, these systems are 
increasingly being recognized as regulators of bacterial virulence 
(Louwen et al., 2014; Ma et al., 2018). 
Phylogenetic data, together with phenotypic and genotypic 
diversity analyses, clearly indicate that P. damselae subsp. damselae 
isolates from sea bass in the Black Sea of Turkey and from rainbow 
trout from Denmark, originated not from the clonal spread of a single 
strain, but likely from the simultaneous occurrence of several clones. 
 
4.2. TWO-COMPONENT REGULATORY SYSTEM RstAB 
 
Identification of the regulatory mechanisms in bacterial pathogens 
is of maximal interest in order to understand the environmental and 
host conditions that trigger the expression of virulence factors. P. 
damselae subsp. damselae is a generalist pathogen, capable of living 
as a free-swimming bacterium that causes outbreaks in cultured fish 
species when the conditions become favourable (Osorio et al., 2018). 
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This pathogen produces a variety of toxins which are thought to be 
secreted through the T2SS (Rivas et al., 2015b; Vences et al., 2018).  
We began the search for regulatory genes that could control the 
expression of genes related to the hemolytic activity of P. damselae 
subsp. damselae. In this sense, we report in the paper (Terceti et al., 
2017) the isolation of a mini-Tn10 transposon mutant that showed a 
strong impairment in its hemolytic activity. The transposon disrupted 
a putative histidine kinase rstB gene sensor, which along with rstA is 
predicted to encode a putative two-component RstAB regulatory 
system. This system is homologous to CarSR/VprAB system in Vibrio 
cholerae (Bilecen and Yildiz, 2009; Herrera et al., 2014). 
Reconstruction of the rstB mutant by allelic exchange showed equal 
involvement in hemolysis, and complementation with a plasmid 
expressing rstAB restored haemolysis to wild-type levels (Terceti et 
al., 2017). We also demonstrated by analysis of promoter expression 
that reduced hemolysis in the rstB mutant was accompanied by a 
strong decrease in the transcription activities of the three hemolysin 
genes dly (damselysin), hlyApl (Phobalysin P) and hlyAch (Phobalysin 
C) (Terceti et al. 2017). We have also found that the reduced 
expression of the three virulence genes is correlated with a strong 
decrease in virulence in a bass model, demonstrating that RstB 
constitutes a master regulator of the three hemolysins of. P. damselae 
subsp damselae and plays a critical role in the pathogenicity of this 
bacterium (Terceti et al., 2017). Previous studies reported that V. 
cholerae vprAB mutants (homologs of P. damselae subsp. damselae 
RstAB) exhibited sensitivity to polymyxin B (Herrera et al., 2014; 
Bilecen et al., 2015). We found that both the parental strain RM-71 
and the rstB mutant were highly sensitive to polymyxin B (Terceti et 
al., 2017). This study represented the first evidence of a direct role of 
a RstAB-like system in the regulation of bacterial toxins. Of the 
results generated from this work of 2017 some questions have arisen. 
Would deletion of the rstA gene also compromise the hemolytic 
activity of this pathogen? And its virulence? Would there be other 
affected phenotypes resulting from the deletion of rstA and rstB 
genes? How would the motility of these mutants be? Would they 
become more or less sensitive to others antibiotics? Were there other 
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secreted proteins influenced by RstAB TCS? Is the RstAB TCS 
present only in a fraction of P. damselae subsp. damselae isolates, or 
is it ubiquitous in this subspecies? These inquiries have led us to 
continue studying and as a result we have produced an additional 
paper submitted for publication (Terceti et al., 2018b-to submit). We 
demonstrate that single mutation of rstA impairs virulence in a sea 
bass model, confirming the results previously obtained with single 
rstB mutants. Studies of the role of RstAB system in fish pathogens 
are very scarce. Notably, mutation of rstB in Edwardsiella ictaluri 
caused impaired colonization and virulence in a channel catfish model 
(Menanteau-Ledouble and Lawrence, 2013).  
P. damselae subsp. damselae strains are able to grow through a 
range of temperatures and of NaCl concentrations (Kreger et al., 1984; 
Fouz et al., 1992; Fouz et al., 1998). We have previously reported that 
there are no differences in growth between the wild type strain RM-71 
and the rstB mutant of P. damselae subsp. damselae in culture 
conditions with 1% NaCl at 25 °C (Terceti et al., 2017). In the work 
submitted for publication we revealed that the mutation of rstA and 
rstB genes did not compromise growth at 15, 25 and 37ºC at 1% NaCl. 
However, a drastic impairment in growth occurred at 37ºC and 0.5% 
NaCl, a combination of conditions that virtually abolished bacterial 
growth in the parental strain and in rstA and rstB mutants. To the best 
of our knowledge, this finding has not been previously reported, and 
suggests that such combination of temperature and salinity constitutes 
a stressfful condition for this bacterium.  
We found that mutations in rstA and rstB caused impairment in 
swimming motility at 0.5% NaCl. Although the connection between 
flagellum-based motility and the RstAB system in P. damselae subsp. 
damselae is so far unknown, recent studies have provided clues on the 
role of RstAB-lile systems in bacterial motility (Terceti et al., 2018b-
to submit). Thus, silencing of the rstA or rstB genes resulted in 
impaired motility, hemolysis and virulence in Vibrio alginolyticus 
(Huang et al., 2018). In Salmonella typhimurium, FlhA and MglB 
proteins involved in cell motility and chemotaxis are positively 
regulated by the RstAB system and a rstB mutant in this species 
showed a significant reduction in motility (Tran et al., 2016). The cell 
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morphology of the rstB mutant under culture conditions with 1% NaCl 
at 25°C was not affected in comparison with the parental strain 
(Terceti et al., 2017). However, in the paper in review, we provide 
strong evidence that rstA and rstB mutants cultured at 0.5% NaCl 
exhibit impairment in cell separation upon cell division, as well as 
enlarged cell size. These mutants also exhibited increased sensitivity 
to benzylpenicillin and, to a lesser extent, to vancomycin. In 
agreement with our results, overexpression of RstA in E. coli made 
this bacterium more resistant to β-lactam antibiotics such as ampicillin 
(Hirakawa et al., 2003a; Hirakawa et al., 2003b). Similarly, E. coli 
rstAB mutants are hypersensitive to ketoprofen, pridinol, and 
troleandomycin, although the basis for these sensitivities has not been 
ascertained yet (Zhou et al., 2003). So far, the molecular mechanisms 
linking the RstAB system with antibiotic resistance and with 
maintenance of cell size and shape in P. damselae subsp. damselae 
remain unknown. 
The work under review also contributed to the identification of 4 
hitherto unreported proteins belonging to the RstAB regulon, 
including plasmid, chromosome I- and chromosome II-encoded 
proteins. Therefore, the response regulator RstA is predicted to 
recognize target genes associated with the P. damselae subsp. 
damselae chromosomes as well as genes that have been acquired by 
horizontal gene transfer via conjugation. Notably, our study has 
brought to the forefront a number of hitherto uncharacterized, T2SS-
dependent and RstAB-dependent proteins, and there are very few 
studies on these except for the three hemolysins Dly, PhlyP and PhlyC 
(Kreger, 1984; Kothary and Kreger 1985; Rivas et al., 2011; Rivas et 
al., 2013b; Rivas et al., 2015a; Vences et al., 2017). Of special 
interest are two genes which are likely cotranscribed as an operon, and 
encode the delta (δ)-endotoxin VDA_002799 and an associated 11 
kDa small protein, respectively. These two genes are inserted within a 
potential hot spot for recombination within the genome of P. damselae 
subsp. damselae (Terceti et al., 2018a). δ-endotoxins, also called Cry 
and Cyt toxins, are pore-forming toxins predicted to cross the 
cytoplasmic membrane via the twin-arginine (Tat) translocation 
pathway (Li et al., 1991; Cygler et al., 1995; Galitsky et al., 2001). 
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However, the role of this putative δ-endotoxin in P. damselae subsp. 
damselae is still unknown. Last, VDA_000112 and VDA_000358 are 
T2SS- and RstAB-dependent uncharacterized proteins encoded within 
plasmid pPHDD1 and chromosome II respectively. Surely all these 
proteins will deserve an in-depth characterization in future studies.  
rstAB genes are considered to be part of the PhoP/PhoQ regulon 
(a Mg
2+
-sensing two-component system) (Oshima et al., 2002; 
Ogasawara et al., 2007). While some evidence suggests that the 
RstAB system might respond to acidic conditions (Ogasawara et al., 
2007; Huang et al., 2017), the specific stimuli that trigger the 
activation of the sensor histidine kinase RstB remain unknown for all 
the RstAB-like systems studied to date (Ogasawara et al., 2007; 
Campbell et al., 2007; Flamez et al., 2008; Bilecen and Yildiz., 2009; 
Menanteau-Ledouble and Lawrence, 2013; Tran et al., 2016; Huang et 
al., 2018). In contrast, a number of genes and biological functions 
under control of the RstAB system have been identified, 
demonstrating that the RstAB regulon is not predictive since it shows 
a high diversity among species. Functions regulated by homologous 
RstAB systems are as varied as pyrimidine metabolism, enterobactin 
biosynthesis, ferrous iron uptake and motility in Salmonella enterica 
(Tran et al., 2016), polysaccharide synthesis, biofilm formation, LPS 
modification in Vibrio cholerae (Bilecen and Yildiz, 2009; Herrera et 
al., 2014), or adhesion, biolfilm production, motility and hemolysis in 
Vibrio alginolyticus (Huang et al., 2017), among others. 
We also demonstrate an evidence of interaction between VarAS 
and RstAB TCS in the regulation of the hemolytic activity of P. 
damselae subsp. damselae and that the deletion of the toxR, luxO and 
phoP regulatory genes in this pathogen does not alter its hemolytic 
activity. We found that the double mutants MT351 (ΔrstBΔvarS) and 
MT350 (ΔrstBΔvarA) partially recovered the hemolytic activity when 
compared to the hemolytic activity of the single mutant MT151 
(ΔrstB) and wild type strain RM-71. This suggests that the response 
regulator RstA has a crucial function in the hemolysis of P. damselae 
subsp. damselae since the mutants MT255 (ΔrstAΔvarS) and MT358 
(ΔrstAΔvarA) do not recover the hemolytic activity. Figure IV.3 
shows a hypothetical scheme of the possibilities of interaction 
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between VarAS and RstAB TCS. In addition Figure IV.3 shows the 
regulation exerted by the RstAB TCS on the hemolysin genes and 
other genes identified in this study, all T2SS-dependent. It is worth 
remembering that we were the pioneers to look for regulatory genes 
related to virulence factors in the species Photobacterium damselae 
and therefore, these results can act as an excellent starting point for 
further studies in order to elucidate this complex regulation network 
involving the RstAB and VarAS systems. 
This study has contributed to the knowledge of the bacterial 
RstAB regulon with a number of novel genes and functions. We here 
demonstrated that the RstAB regulon of P. damselae subsp. damselae 
RM-71 comprises genes of differential presence among strains, and no 
geographical or isolation source patterns could be identified. To 
summarize, the RstAB TCS plays a major role in regulation of 
virulence and of many aspects of cell physiology of P. damselae 
subsp. damselae. Ongoing studies are expected to unveil the roles of 
the novel RstAB-regulated genes reported in this study. The RstAB 
TCS seems to be ubiquitous in all strains of P. damselae subsp. 
damselae, which makes this target system of interest since it could be 
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5.  CONCLUSIONS 
 
 
From the results obtained along this work it can be concluded that: 
  
1. Phylogenetic and genomic analyses of P. damselae subsp. 
damselae isolated from outbreaks in fish farms in Turkey and 
Denmark, suggest that the infectious agent was already present 
in the environment, not as a clonal pathogen but as multiclonal 
populations, waiting for stressful conditions (such as rising 
water temperature), to cause infection.  
 
2. P. damselae subsp. damselae shows a high genetic diversity. 
Horizontal gene transfer has played an important role in the 
diversification of this subspecies, since a large part of the 
strain-specific DNA has characteristics related to plasmids, 
prophages and pathogenicity islands.  
 
3.  The two-component signal transduction system RstAB is a 
major positive regulator of the three cytotoxins Dly, PhlyP and 
PhlyC, and this regulation is exerted at the transcriptional 
level. 
 
4. Mutations in the RstAB system impair diverse physiological 
functions under conditions of low NaCl concentration, 
including motility, cell shape and size, daughter cell separation 
following cell division, and antimicrobial resistance. 
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5. The T2SS-dependent secretome of P. damselae subsp. 
damselae includes RstAB-dependent and RstAB-independent 
proteins. 
 
6. Mutation of RstAB system impairs the secretion of potentially 
novel virulence factors in P. damselae subsp. damselae. 
 
7. Genes of the RstAB regulon show differential presence in P. 
damselae subsp. damselae strains. However, rstAB genes are 
ubiquitous, which makes this system a target of interest, a 
potential weak point to control infections caused by both 
plasmid-containing and by plasmidless strains. 
 
8. There is evidence of interaction between the RstAB and the 
VarAS two-component signal transduction systems in 
regulation of the hemolytic activity of Photobacterium 
damselae subsp. damselae. 
 
9. Deletion of regulatory genes toxR, luxO and PhoP does not 
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